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Abstract
The primary objective of this work is to establish an innovative and broad platform to engineer living
materials and assemble them into functional devices. First, we assemble bacterial sensor communities
into core-shell hydrogel structures to address the major challenge of biocontainment. Biosafety has
become a major challenge for synthetic biology tools to transition from laboratory experiments to real
applications and prevent potential negative impacts. Genetic and chemical containment strategies
have been implemented to restrict the growth and replication of genetically modified organisms while
no robust physical containment has been proposed. We developed a hydrogel-based encapsulation
technique by leveraging a tough biocompatible shell and genetically recoded organisms to achieve
unprecedented containment performance. Then, we implemented biocontainment into wearable
hydrogel devices. We use stretchable, robust, and biocompatible hydrogel-elastomer hybrids to host
genetically programed bacteria, thus creating a set of stretchable and wearable living materials
and devices that possess unprecedented functions and capabilities. Lastly, we genetically encode
the formation of biological polymers in E.coli to achieve the self-assembly of bacterial devices.
Generating complex biomaterials often requires the coordinated and precise expression of several
genes and light induction of biological material formation and patterning offer a powerful toolkit to
achieve the necessary degree of precision and control. We leveraged a multichromatic optogenetic
control in the bacterium Escherichia coli to express the principal structural component biological
nanowires.
Thesis Supervisor: Timothy K. Lu
Title: Associate Professor
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Chapter 1
Introduction
1.1 Engineered living materials: definition and motivations
A key idea in the field of synthetic biology is to leverage the sensing capabilities of living cells and
their capacity to produce, pattern, and self-organize biological materials with highly sophisticated
structures over multiple length scales. The term coined to describe such biohybrid materials is
"Engineered Living Material" (ELM). We define ELMs as engineered materials composed of living
cells that assemble or form the material itself, or modulate the function of the material in some
manner. In ELMs, the living cells draw upon nutrients from their environment to create biopolymeric
building blocks and/or allow stimuli-responsive changes over the lifetime of the cellular components.
The engineered aspect of ELMs could take on a variety of forms: genetic engineering of stimuli-
responsive behavior, biotemplating or chemical engineering of polymeric building blocks. We envision
that synthetic biology will play a key role in developing and expanding such material design by
rewiring circuits in living cells 1-1.
ELMs are inspired from examples throughout nature of how living systems modify the environ-
ment around them. The main objectives of ELM research are: (1) to produce a wide variety of
functional materials, (2) to control the multiscale and precise assembly of complex structures and
(3) to respond to environmental cues in a spatial and temporal manner. In this work, we designed
ELMs that fall into two categories: composite living materials which are made using a top-down
approach and self-assembling coatings which, in contrast, assemble from the bottom up [2]. Com-
posite living materials circumvent the need for cell-mediated organization by employing top-down
engineering to place and precisely integrate the cells into synthetic materials. This approach enables
the design of 3D living materials, a feat non-trivial with current synthetic biology tools. Indeed,
there is still a lack of engineering principles that enable self-assembly throughout multiple hierarchi-
cal scales. To address this challenge, we also engineered self-assembling 2D structures as completely
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autonomous materials, without the need for a synthetic scaffold such as a hydrogel. We used a
bottom-up approach and leveraged living cells as nanomaterials factories.
In this introduction, we will first describe examples of biological materials that inspired ELM
research. Then, we will review recent progress in this new field of science that lies at the interface
between synthetic biology and materials science. We will also introduce the tools from synthetic bi-
ology and protein engineering that enabled these advances. Finally, we will discuss major challenges
that the design of living materials faces and how we addressed them.
1.2 Examples of Biological Materials
First let us look at some example of living organisms that create their own biological materials, to
set the stage for what ELMs could enable.
1.2.1 An example of composite living material from nature - the diatom
Structure of diatoms
The diatom is a single celled marine organism that builds a hydrated, amorphous silica cage around
itself. At the microscopic scale, the cage structure can take on a surprising number of configurations.
About 60,000 different diatoms have been identified, which marine scientists speculate is only about
10% of the total number. The silica cage is constructed of nanosized ribs, which are composed of 50
nm diameter particles and the cell itself is a complex arrangement of subcellular elements. Further
probing reveals ordered assemblies of proteins, lipids and polysaccharides that form the subcellular
constituents and nanoporous regions in the silica cage [3].
Bioinspired silica-based ELMs
The natural abundance of silica in the environment makes biosilica an attractive building block for
composite ELMs. One approach to engineer living materials incorporating silica involves genetically
engineering diatoms. In diatoms, silica morphogenesis takes place inside the cell within a specialized
membrane-bound compartment termed the silica deposition vesicle. It has been postulated that the
silica deposition vesicle contains a matrix of organic macromolecules that not only regulate silica
formation but also act as templates to mediate the growth of the frustules and the creation of
the holes and slits (nanopatterning). Using these biosilica-associated proteins, known as silaffins,
Poulsen et al. [4] were able to create a silica assembly with pores with a diameter of 100 nm. In
later work, diatoms were used as scaffolds for enzyme templating into catalytic materials without the
need for enzyme purification or chemical modification [5]. The composite living materials created
from the genetically engineered diatom scaffold were further modified into drug delivery devices [6].
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Figure 1-2: Different morphologies of diatoms. Taken from http://ecogadget.net/page/5/.
1.2.2 An example of a smart living coating from nature - mussel adhesion
Another example from nature that inspired numerous biomimetic efforts is the adhesive attachment
by aquatic organisms to hard surfaces in their habitat. Among those organisms, the mussel has
inspired most biomimetic approaches for biological glues for its remarkable ability to adhere to rocks
underwater.
The mussel as a model organism
The mussel exhibits remarkable adhesion properties, among which two are particularly interesting
and difficult to achieve: reliable bonding under water and self-healing properties [71. In an industrial
setting, bonding under water could be leveraged for fixing leaks underwater or sealing bleeding
wounds. Self-healing properties would be able to prevent catastrophic failure.
Adhesion mechanisms of the mussel are quite complex and involve in the mussel byssus a family of
protein called mussel foot proteins [8]. Mefp3 and Mefp5 are two adhesion proteins, localized at the
interface between the substrate and the mussel foot. Studies of mussel foot proteins have revealed the
presence in high quantities of the non-standard amino acid 3,4-dihydroxy-L-phenylalanine (Dopa),
which is formed by post-translational modification of tyrosine. The best candidate for adhesion
among the mussel foot proteins is Mytilus Edulis Foot Protein-5 (Mefp5), a small protein (10kDa)
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that differs from other foot proteins by a 30 mol % Dopa content as well as high glycine and lysine 191.
Its high Dopa content and localization at the plaque/substrate interface have provoked considerable
interest in the adhesive properties of both the native form and recombinant analogs.
Analysis of mussel adhesion
Atomic force microscopy (AFM) measurements of a single Dopa residue reveals a very high strength
although fully reversible and noncovalent interaction [101. The detailed binding mechanism of Dopa
remains unknown. However, a bidentate H-bond between the catecholic OH groups of Dopa and
the surface siloxanes seems to be a reasonable hypothesis for the chemical basis for interaction with
the substrate. An AFM measure of the adhesion energy of purified Mefp5 proteins to mica gives
56.94 kJ/mol per Dopa if one-third of the Dopa residues in each Mefp-5 protein bind to each mica
sheet. This would translate into 18.98 kJ/mol per each H-bond if the Dopa makes three H-bonds,
a reasonable estimate for an H-bond. The oxidized version of the Dopa amino acid also plays an
important role in mussel byssus cohesion in the bulk [11].
Biomimetic adhesive strategies
The presence of water greatly hinders most commercial adhesives due to the difficulty of displacing
it from the adhesive interface and its ability to weaken many forms of chemical bonds. In spite of
that, many living organisms form strong attachments in wet conditions. As research in this area
progresses, common underlying principles emerge that inspire biomimetic approaches.
Interest for Dopa based chemistry of adhesion has driven research focus towards peptides incor-
porating Dopa or analogues [12, 131 into hydrogels [14], polymers [151 and recombinant mussel foot
proteins [16]. In contrast, the design of living organisms capable of hierarchically assembling protein
complexes into higher-order structures with function has lagged behind.
1.3 Engineered living materials: state of the art
Most efforts in the past few decades have focused on understanding the mechanisms behind biological
self-assembling systems. At the interface between self-assembling biological materials and synthetic
biology lie rich opportunities to harness the full potential of living cells. Here we introduce the
concept of Engineered Living Materials through examples from recent literature.
1.3.1 Top-down approach and composite ELM materials
To engineer materials with additional functionalities, cells can be grown, assembled, mixed, or lay-
ered in a synergistic way with other materials to create composites. Diatoms have been studied for
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their ability to catalyze the formation of inorganic materials. Similarly, naturally occurring organ-
isms are able to orchestrate the assembly of polymers that they did not produce themselves. In
other examples, synthetic structures can serve as a scaffold to complement and direct cell growth
and behavior. Indeed, engineers can rely on synthetic materials such as hydrogels to provide un-
precedented mechanical properties and protection to the cells. Such hybrid materials could be used
for sensing, bioremediation, release of therapeutic compounds. Before the scaling-up challenge of
biofabrication is solved and we achieve purely autonomous systems, composite ELMs assembled via
incorporation of cells in a scaffold will certainly be the most readily available commercial products.
Such examples are wearables incorporating living organisms that interact with the non-living struc-
ture and modulate their behavior. As an interesting example of such wearable, E. coli were patterned
onto an inert textile and, in response to changes in humidity, exerted different strains on the textile.
This resulted in a hygroresponsive fabric that could open pores to breathe in response to sweating
[17]. Other efforts building devices using cells were applied to the area of photosynthetic energy
conversion. Hybrid systems consisting of water-splitting electrodes and C02-fixing bacterial cells
were developed to convert carbon dioxide into chemical fuels such as alcohol and methane [18] [19]
[20]. The bacterial cells consumed hydrogen produced by biocompatible inorganic catalysts at the
cathode to reduce the carbon dioxide to the fuels. However, in the work cited above, the material
actuation depends primarily on the biophysical behavior of the bacteria, rather than any active
cellular processes or genetically engineered functionality.
Taking advantage of synthetic biology tools, we envision that more sophisticated devices could
be designed based on the sensing and biosynthetic capabilities of living microorganisms. Indeed,
engineered cells can compute [211, communicate, and record information [22] in response to such
diverse external stimuli as chemicals [23], toxic substances and light [24] in vitro or in vivo [25].
1.3.2 Bottom-up approach: self-assembling coatings
Beyond composite ELMs, coatings that self-assemble onto any surface and confer a function to the
substrate, are of great interest. In traditional systems designed to release a functional compound, the
molecule is stored for release and is depleted as time goes. In ELMs and living surfaces, production
of the compound is continuous and can be modulated along the material's lifetime. This represents
a much more efficient and sustainable approach to release and delivery that could have applications
for self-cleaning surfaces but also drug delivery. For examples, fungi was used as living layer capable
of metabolizing food spills to produce a self-cleaning surface [1] 1-3.
Bacterial biofilms grow into organized, living coatings onto almost any surface. In previous work
from the Lu lab, E.coli cells were genetically engineered to pattern the structure and composition
of adhesive curli fibers over multiple length scales and on any supporting surface. This work also
assembled inorganic materials such as gold nanoparticles onto an engineered biofilm, which created a
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living electrical surface that turned on and off in response to an environmental cue. In further work,
Nguyen et al. constructed a library of 12 functional peptide domains incorporated to curli fibers,
which enabled E. coli to assemble silver nanoparticles on the curli fibers, to adhere to a stainless
steel surface, and to covalently couple proteins of interest to the fibers [26]. From this protein
coupling ability, the curli system immobilized a recombinant a-amylase for stable catalytic activity
127], turning the biofilm into a catalytic surface. Florea et al. also constructed a tool kit of modular
genetic parts in a cellulose-producing bacterium [281. With this modular tool kit, they demonstrated
spatiotemporal patterning of the cellulose pellicle, but also genetic functionalization with proteins of
interest. Building upon this previous literature, there is an opportunity to investigate the patterning
of bacterial biofilm coatings incorporating sense and respond capabilities.
1.3.3 Spatial patterning of ELMs
Individual bacterial cells are typically micron-sized, therefore in order to use cellular components
as factories and building blocks of ELMs, the synthesis and assembly of extracellular matrix must
be combined with engineering approaches to obtain material organization over length scales much
larger than individual cells. Patterning living cells on inert substrates can provide functionality, such
as demonstrated by Wang et al with the sweat-responsive material [17] described in the previous
paragraph. The bacteria patterned on the fabric enable the folding of the wearable into its intended
shape and make it responsive to humidity. 3D-printing of ELMs offers exquisite control over spatial
organization of cell communities and their scaffold. Bioprinting uses alive cells contained in a hy-
drogel mixture and precisely prints them with micrometer resolution to create 3D living composites.
The "bioinks" can be composed of different cell types that can be printed into complex structures.
The majority of efforts and funding in this area are currently focused on the generation of organs
and tissue engineering but the learnings from that field hold great potential for the generation of
complex ELMs.
1.4 The development of new tools enables the design of living
materials
The design of ELMs is empowered by constant innovation in both the fields of synthetic biology and
protein engineering. Here, we establish a non-exhaustive list of efforts in both domains that enable
materials with new functionalities.
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1.4.1 The synthetic biology toolbox
Pioneering work such as the toggle switch [29] and repressilator [301 in Escherichia coli (E. coli)
launched the field of synthetic biology in 2000. Populations of cells can be reprogrammed to perform
new functions with regulatory genetic circuits. The rapid lowering of the cost of sequencing enabled
the collection of genomic data and genetic parts from diverse species [31]. Single cell sequencing
technologies enables biomining of new organisms and thus widens further the library of genetic parts
available to synthetic biologists. With more parts available, complex genetic circuits for computation
or memory in living cells became a reality [321 [33]. State machines were developed in E. coli based
on recombinases that leverage chemically controlled DNA excision and inversion operations. This
strategy enables living cells to record and respond to the temporal order of three inputs to control
up to 16 genetic states 134]. Both analog and digital computation [21] were integrated in E. coli
capable of receiving continuous input signals and converting them into a digital output. Analog
memory [22] was also demonstrated in E. coli populations, converting transient cellular signals into
genomically encoded memory. The SCRIBE (Synthetic Cellular Recorders Integrating Biological
Events) platform enables targeted in vivo genome editing for recording information in living cells.
Site-directed genome engineering in living cells based on RNA-guided clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas9 nucleases from a bacterial adaptive immune system [35],
makes in vivo editing of the genome of organisms possible. The Voigt lab at MIT genetically encoded
a system to give E. coli coli the ability to distinguish between red, green, and blue (RGB) light
and respond by changing gene expression [24]. Many of these recent developments in synthetic gene
circuit design are applicable to the design of new materials. The non-exhaustive list of tools described
here could confer sensing, memory, computing and patterning and self-assembly capabilities to an
inert polymer matrix if living cells were incorporated into it.
1.4.2 The protein engineering toolbox
Living organisms are capable of producing protein structures with unprecedented properties such as
the mussel foot proteins described earlier. Some also produce proteins capable of biomineralizing and
self-assembling inorganic materials into highly structured materials. Examples of biosilica assembly
are the beautiful architectures created by the diatoms or the iridescent butterfly wings. Structural
biomaterials made out of building blocks with poor mechanical properties can exhibit vastly improved
mechanical properties as is the case for nacre. Nacre makes up the shell of mollusks and is constituted
of 95% aragonite, a brittle material and 5% protein. The brick and mortar assembly of these two
components and the presence of only 5% of protein results in several orders of magnitude increase
in toughness. Another example of biomineralization are magnetotactic bacteria that biomineralize
ferromagnetic nanocrystals enclosed in a lipid membrane, enabling them to navigate along Earth's
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magnetic field [361 [37]. Efforts towards the engineering and expression of proteins in model organisms
such as E.coli have yielded many interesting candidates. For example, Xia et al. engineered E.coli to
produce recombinant silk proteins from a spider [38]. To create strong underwater adhesives [29], two
mussel-derived genes were encoded in E.coli to produce self-assembled curli fibers with demonstrated
underwater adhesion. Building upon the natural isopeptide bond of SpyTag-SpyCatcher in Gram-
positive bacterial adhesins [391, Sun et al. designed fusion proteins of an elastin-based polypeptide
with the SpyTag-SpyCatcher moieties [40]. These fusion proteins were expressed in E. coli and
assembled into 3D molecular networks, forming a hydrogel under physiological conditions.
By combining recent advances in the two fields, we can achieve the creation of materials that
combine unprecedented mechanical or optical properties but that can also sense, respond and self
assemble in physiological conditions.
1.5 Challenges and proposed solutions
Engineered cells enabled by synthetic biology controllably produce protein building blocks and create
responsive living materials that can self-assemble, self-heal, sense and respond through the design
of genetic circuits. The field holds great promise to tailor such functionalities to applications in
electronics, energy conversion and storage, structural materials, textiles, and others.
Nevertheless, there are challenges to make such applications a reality. A first key challenge is to
sustain the viability of living cells from system's design to operation. Living cells often require a high-
water content environment and nutrients to survive and perform their intended function whereas
most experimental settings will not contain the required nutrients or water. Existing methods in
materials synthesis and fabrication are often related to heat treatment that can kill living cells.
Processing and operational temperature is crucial to keep functional cells alive. Thus, the non-
living materials must be at least biocompatible, form in conditions compatible with cell survival and
play a role in supporting and providing the cells with necessary nutrients for the viability. Along
the same lines, for long-term uses and point-of-care sensing and delivery, the non-living material
must prevent water evaporation and be amenable to mechanical, physical and chemical variations.
Additionally, the potential for genetically modified organisms to escape into the environment has
created a need for strategies to contain these organisms and prevent their uncontrolled release. The
issue of biocontainment has become a major bottleneck to enable synthetic biology. In this work, we
designed genetically engineered biosensors and incorporated them into two composite ELM materials.
In the first project, we addressed the fundamental concern of safety by designing devices for tight
biocontainment. In the second, we explored the implementation of synthetic biology in wearables,
designed hydrogel scaffold for low evaporation and high resistance to environmental variations [41].
We address these efforts in the first two chapters of this thesis.
30
Self-organizing living and non-living components into highly ordered multi-scale structures is
another missing part of the puzzle. Functionality in biological materials often stems from mul-
tiscale hierarchical structure of composite materials. Precisely controlled patterns over multiple
length scales of living and non-living components are required. In this work and in other work not
mentioned in this thesis, we designed composite ELM wearables and patterned cells into multiple
bacterial chambers, forming an anisotropic material in which diffusible effectors were used to com-
municate between different cell populations 1411 [421. Additionally, we explored light-induced spatial
patterning of self-assembling biofilms into smart living coatings that could provide functionalities to
the underlying inert substrate. We address this work in the second and third chapters of this thesis.
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Chapter 2
Engineering biocontainment of a
living material
The text in this chapter is partially taken from: Tang, T. C.*, Tham, E.*, Liu, X., Yuk, H., Lin,
S., Zhao, X. & Lu, T. K. Tough Hydrogel-Based Capsules for Multilayered, Tunable Containment
of Engineered Organisms. Under review.
2.1 Abstract
Genetically modified microorganisms (GMMs) are being developed and used for bioremediation
[431, agriculture, mining, and the production of biofuels [44] and pharmaceuticals [45]. However,
the potential for GMMs to escape into the environment has created a need for strategies to contain
these organisms and prevent their uncontrolled release. Since 1985, the US Environmental Protec-
tion Agency has issued only a handful of experimental use permits for engineered microorganisms
and has registered only a few, mostly heat-killed bacteria with insecticidal effects [461. Chemical
biocontainment utilizes biological barriers to impede the escape and survival of microorganisms in
the environment [471 [48] [49]. Several strategies have been developed for chemical containment of
GMMs. For example, GMMs can carry gene circuits that require specific chemical combinations
to prevent cell death by inhibiting toxin production [50], rescue cells from being killed by a consti-
tutively expressed toxin by producing the corresponding antitoxin [511, or multi-layered safeguards
that modulate the expression of essential genes and toxins ([52]. Microbes can be engineered with
auxotrophies so that they require synthetic amino acids for survival [53] [54] [55]). However, chemi-
cal containment is necessarily imperfect because mutation rates of GMMs, while low, are never zero.
For this reason, there is a need for multi-layered containment strategies whereas functional redun-
dancy can further reduce any chance of escape. To address this challenge, we created a Deployable
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Physical Containment Strategy (DEPCOS) effective physical containment strategy that prevents
GMM escape while providing a tunable protective environment in which GMMs can execute en-
gineered functions. DEPCOS erects a physical barrier to prevent GMMs from escaping into their
surroundings and to further limit horizontal gene transfer between GMMs and natural species in the
environment.
2.2 Background: motivations for a DEployable Physical COn-
tainment Strategy (DEPCOS)
Hydrogels are desirable materials for encapsulating living cells as they provide an aqueous environ-
ment that can be infused with chemicals, allowing for cell growth [561, sensing [57], and protection
against environmental hazards 1581. Alginate forms hydrogels in the presence of di-cationic solutions
(e.g., Ca2+, Ba2+) and has been used in various biomedical applications 1591 [60] due to its low
cost, negligible toxicity, and mild gelation conditions [591. Furthermore, recent research has shown
that the immunogenicity of alginate beads can be reduced to enable in vivo applications by creating
triazole-containing analogs [61]. However, weak mechanical properties and susceptibility to acidic
conditions make alginate, as well as other traditional hydrogels, poor solutions for robust physical
containment when the brittle hydrogels are used on their own 1621. Here, we describe a physical
strategy for the containment of GMMs using robust hydrogels that resulted in no detectable es-
cape of cells into the surrounding environment. GMMs (103-108 cells per mL) were encapsulated
in a core-shell hydrogel structure that is mechanically tough and enables retrieval of cells from the
system by cutting and homogenization. We harnessed this technology to protect encapsulated cells
against a number of chemical and physical stresses, such as antibiotics and low pH. In addition, we
demonstrated that encapsulated cells divide, stay metabolically active, and sense and respond to
environmental stimuli via heterologous gene circuits. We equipped encapsulated cells with a genom-
ically encoded memory system, SCRIBE [22], and showed that these cells could record information
about chemical exposure. Furthermore, we demonstrated that encapsulated cells could generate and
respond to quorum-sensing molecules, thus allowing for cell-cell communication between bacteria in
distinct encapsulated beads. As an additional safeguard layer, we incorporated chemical contain-
ment by encapsulating a genomically recoded organism (GRO Escherichia coli) [551 and showed that
we could tune the lifespan of the GRO by changing the amount of synthetic amino acid incorporated
into the hydrogel-bacteria beads. Finally, we demonstrated the potential for real-world use of DE-
PCOS by constructing encapsulated bacterial sensors that detected toxic heavy metals spiked into
water samples from the Charles River in Cambridge, Massachusetts. We envision that this tough
hydrogel-based strategy for physical biocontainment will enable deployment of GMMs for a variety
of applications while mitigating concerns regarding environmental escape.
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2.3 Description of DEPCOS: cell Encapsulation in tough hy-
drogel capsules
2.3.1 Design
Our design for bacterial encapsulation consists of two parts: 1) a biopolymer-based hydrogel core
and 2) a tough hydrogel shell 2-1. The core was made out of alginate because of its biocompatibility,
low toxicity, low cost, and simple gelation mechanism. For the shell, we engineered a hydrogel that
combines a stretchy polymer network (polyacrylamide) and an energy dissipation network (alginate),
which has been demonstrated to be extremely tough and thus resistant to fracture [631.
2.3.2 Encapsulation protocol
To incorporate living cells, a liquid culture of E. coli was mixed with alginate into 50 P1 or 100
pl droplets that were crosslinked with calcium ions to form spheres. 5 w.t.% alginate solution was
made by dissolving medium viscosity alginate (Sigma-Aldrich A2033) in milliQ water followed by
autoclaving at 120 C for 20 minutes to ensure sterility. A fresh bacterial culture (108-109 cells/ml
in LB plus antibiotics) was then mixed with the alginate solution in a one to one volume ratio to
reach a final alginate concentration of 2.5 w.t.%. This bacteria-alginate premix was loaded into a
syringe and disposed onto parafilm to form bead-like droplets with controllable diameters ranging
from 2.5 mm to 5 mm. The droplets were solidified by immersing them in 5% w.t. CaCl2 (an ionic
crosslinker, Sigma-Aldrich 223506) solution for 15 minutes.The cell-containing alginate hydrogel
could be easily shaped by a mold or cut into different geometries A-1. Cores were then coated with
the tough polyacrylamide-alginate hydrogel layer [63]. A precursor solution composed of 2 w.t.%
alginate, 30 w.t.% acrylamide (AAm; Sigma-Aldrich A8887), 0.046 w.t.% ammonium persulphate
(APS; Sigma-Aldrich A3678), and 0.015 w.t.% N,N-methylenebisacrylamide (MBAA; Sigma-Aldrich
146072) was thoroughly de-gassed. Before the coating process, the viscous precursor solution was
mixed with an accelerator, N,N,N',N'-tetramethylethylenediamine (TEMED; Sigma-Aldrich T9281;
0.0025 times the weight of AAm) to form a fast-curable pre-gel solution. Alginate cores from
the previous section were dipped into the pre-gel solution to form a tunable thin shell layer of
100 1000 microns surrounding the core under a nitrogen atmosphere. To stabilize the shell layer, the
hydrogel then was immersed in a MES buffer (0.1 M MES and 0.5 M NaCl, pH 6.0) together with
cross-linkers and catalysts including 0.00125 w.t.% 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), 0.000375 w.t.% N-hydroxysuccinimide (NHS), 0.00075 w.t.% adipic acid dihydrazide (AAD)
to form the covalent bonding between the alginate and polyacrylamide network for 3 hours. In
our core-shell system, the alginate core supports growth by supplying nutrients while the hydrogel
shell provides mechanical protection for the entire bead. For downstream analyses after deployment,
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cells can be retrieved from the beads by removing the shell with a razor blade and homogenizing
the core A-2. Beads were retrieved from liquid and the tough shell around the alginate core was
carefully removed with razor blade and tweezers. The cores were then placed in tubes containing
1 mL phosphate-buffered solution (PBS, Research Products International) and homogenized with 5
mm stainless steel beads on a Tissue Lyzer II (Qiagen 85300) at 30 Hz for 30 minutes. To quantify
cell density, homogenized samples were serially diluted (10x) and plated on LB plus antibiotics agar
plates. Colony forming units (CFU) were counted after overnight incubation at 37*C.
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Figure 2-1: Schematic of core-shell encapsulation Droplets of 2.5% alginate with engineered
E. coli were crosslinked in a calcium solution to form the soft core of the beads, which were then
coated with a layer of alginate/polyacrylamide to form a tough hydrogel shell. The process can be
repeated to achieve multiple coatings.
2.3.3 Mechanical properties
We tested the mechanical properties of the hydrogel-bacteria beads (radius = 2.5 mm) with a single-
layer shell coating by compression A-3 The compression of hydrogel beads was carried out using a
mechanical testing machine (X N; Zwick/Roell Z2.5). The samples were compressed by two rigid
flat substrates at a loading speed of 2mm per minute. As the beads will be immersed in liquid
in all practical applications, the mechanical properties were determined in the swollen state. This
was carried out by keeping the bead immerged in LB up until the measurement. We found that
single-layer coated beads could withstand 25% compressive strain before fracture occurred 2-2. We
further improved the mechanical properties of the beads by creating multilayer shells via repetitive
coating. In beads where the alginate core was coated with three layers of tough polyacrylamide-
alginate hydrogel, we did not observe any fracture when the beads were subjected to up to 85%
compressive strain 2-2.
The engineering stress is defined as: P/ir * ro where ro, and P are the initial radius of the bead,
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Figure 2-2: Typical stress-strain curves Single-layer tough-hydrogel-coated beads were subjected
to 40% (black) compressive strain and triple-coated beads subjected to compression up to 85% (gray)
compression. Inset zooms in on the single-coated bead stress-strain curve. The average maximum
strain and force before fracture for the single-layer coating were 25.8 % and 5.4 kPa, respectively.
Triple-coated beads showed no fracture under compression.
and the magnitude of the compressive load, respectively.
The capsules were also subjected to cyclic compression at 70% strain, revealing a pronounced
hysteresis due to plastic deformation and energy dissipation 2-3.
Thus, the multilayer coating with elastic tough hydrogel around the alginate core provides me-
chanical robustness to the entire capsule, a phenomenon which is observed with other polymer
coatings [64]. Importantly, the capsules withstood successive compressions without fracturing and
maintained perfect containment needed for safe environmental deployment 2-3.
2.4 Physical containment and protection of bacteria in DEP-
COS capsules
2.4.1 Demonstration of biocontainment
In addition to providing excellent mechanical properties, we hypothesized that the tough hydrogel
layer would serve as a containment mechanism because its pore size (5-50 nm) is too small for E.
coli to penetrate [591 165] 166]. We tested the containment efficiency of the hydrogel beads by incu-
bating them at the optimal temperature for E. coli growth (37*C) with shaking. We encapsulated
approximately 108 bacteria in each bead. Beads lacking a tough shell allowed bacteria to escape
into the surrounding media and grow to high densities after overnight incubation, whereas there was
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Figure 2-3: Cyclic compression Cyclic compression of triple-layer coated beads showed hysteresis
in the stress-strain curve between the first and second cycles due to plastic deformation. Energy
dissipated Edis, in the first cycle was calculated as 42.4% of the total work Ein. In all panels,
stress-strain curves are representative of at least 6 independent experiments. Inset shows no escape
in the surrounding media of a bead after cyclic compression and incubated 24h
no physical escape of bacteria from coated beads even after 72 hours of incubation 2-4 and A-4. In
this assay, we plated all of the media (5 mL) surrounding the beads, with a lower limit of detection
(LLOD) of 1 CFU/5 mL. For antibiotics and acidic condition treatments, beads containing EZ074
cells were incubated in 1 mL of LB plus carbenicillin at 37*C for 12 hours as shown in Figure A-8.
This step acts as an outgrowth phase to bring cell densities in the different beads to a similar level (
approximately 108 per bead). At t = 0, culture media was switched to LB plus 30 pg/ml kanamycin
and LB at pH 4, respectively. At the end of the experiments, beads were retrieved from liquid media
and cells were harvested for CFU counting.
2.4.2 Physical protection of bacteria
We then investigated the protective effects of the beads by comparing the resistance of encapsulated
cells versus planktonic cells (without bead encapsulation) to a series of chemical and biological
stresses 2-5. Encapsulated bacteria survived to a much greater extent (approximately 350-fold)
than planktonic cells in the presence of the aminoglycoside antibiotic kanamycin. Encapsulation
also helped cells survive acidic environments (pH 4, approximately 1700-fold survival improvement).
Both protective effects could be due to a diffusion barrier as well as ionic interactions between
the diffusive species (i.e., positively charged kanamycin molecules or H+ ions) and anionic alginate
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Figure 2-4: Escape from non-coated versus coated beads Encapsulated bacteria escaped from
non-coated beads at high rates but did not escape from tough-hydrogel-coated beads at detectable
levels after 72h. Inset shows media in which non-coated and coated bead were grown for 24h (lower
limit of detection (LLOD) = 1 CFU / 5 mL). ND = not detectable.
chains 1591 1671.
2.4.3 Protection against horizontal gene transfer
Furthermore, we demonstrated that the beads limited horizontal gene transfer by bacterial conjuga-
tion 2-6. We measured the efficiency of conjugating an F-plasmid carrying a chloramphenicol (Cm)
resistance from an F+ donor strain into recipient bacteria in liquid media to be 1%. The F' plasmid
B-2 (containing chloramphenicol resistance) donor strain CJ236 B-1 was encapsulated in beads and
underwent overnight outgrowth in LB without antibiotics. The donor beads were placed in 2 mL of
LB and co-cultured with recipient strain rcF453 B-1 (with streptomycin resistance). After 24 hours
of incubation at 37 C (shaking at 100 rpm), the surrounding media was plated on LB plus strep-
tomycin (Sm, 25 pg/mL) and LB plus streptomycin (25 pig/mL) and chloramphenicol (Cm, 12.5
pg/mL). The conjugation efficiency was calculated as: (CFU on LB+Sm+Cm)/(CFU on LB+Sn)
When we encapsulated an F+ donor strain within tough hydrogel beads and then incubated the
beads with recipient bacteria in the surrounding media (2 mL), we detected no transconjugants after
24 hours of co-incubation (LLOD: 1 CFU/2 mL). Thus, our robust hydrogels can provide protective
housing for GMMs by enhancing their survivability in certain stressful conditions and can prevent
bacterial conjugation-based horizontal gene transfer.
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Figure 2-5: Capsules provides physical protection Survival of bacteria after subjecting liquid
bacterial cultures or bacteria in tough-hydrogel-coated beads to environmental challenges such as
antibiotics (30 ?g/ml kanamycin for 2 hours), low pH (pH 4 for 4 hours), and untreated controls
(LLOD = 200 CFU/mL). Data are mean s s.d. (n > 3, **p < 0 .01, ***p < 0.001; Student's t-test).
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Figure 2-6: Protection against horizontal gene transfer The tough hydrogel shell prevents
horizontal gene transfer by direct cell-to-cell conjugation. Conjugation efficiency is calculated as
the ratio of recipient strain that acquired the F' plasmid over the total number of recipient cells in
media. ND = not detectable. Data are mean s.d. (n > 3).
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Figure 2-7: Response of encapsulated bacterial cells to external stimuli Left: Schematic of
GFP expression under the control of an aTc-inducible promoter. Center: Flow cytometry analysis
of GFP expression in liquid culture and in hydrogel beads. Data are mean s s.d. (n > 6) Right:
Confocal images of beads encapsulating the aTc-sensing E. coli strain with and without 200 ng/mL
aTc.
2.5 Functional activity of encapsulated bacteria
2.5.1 Bacteria maintain function inside beads
To test whether bacterial cells could stay metabolically active inside the tough-hydrogel-coated
beads, we encapsulated an E. coli strain that expresses GFP in response to aTc and measured its
growth inside the beads A-5. We encapsulated about 2000 cells in each bead and grew them for
24 h. The number of cells in the beads increased by approximately 105 fold ( 16-17 doublings)
and reached stationary phase after 12 hours of incubation, corresponding to a doubling time of 40
minutes. This data indicates that bacterial cells within the beads were metabolically active and able
to divide in the alginate core. To determine whether encapsulated bacteria can respond to external
stimuli, we encapsulated bacteria containing a genetic construct that expresses GFP in response
to aTc induction. We then incubated the beads at 37*C in the absence of aTc or in the presence
of 200 ng/mL aTc. The bead was then retrieved and sliced with a sharp razor blade at thickness
of 0.5 mm. The sliced sample was then imaged with a Zeiss LSM 700 confocal microscope with
excitation wavelength at 488 nm and emission wavelength at 515 nm. We found that encapsulated
cells exposed to aTc exhibited a 50-fold increase in green fluorescence compared with encapsulated
cells not exposed to aTc, which was comparable to the fold-induction seen in liquid cultures 2-7.
Thus, gene expression in cells encapsulated in tough hydrogels can be exogenously controlled by
chemical inducers.
We then tested whether bacteria containing a genomically encoded memory system that requires
cell division to function would be able to record information within the beads. Our previously
described SCRIBE (Synthetic Cellular Recorders Integrating Biological Events) platform 1221 enables
targeted in vivo genome editing for recording information in living cells. We used an optimized, high-
efficiency version of SCRIBE that: 1) expresses single-stranded DNA in vivo to write mutations into
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Figure 2-8: Enabling memory in beads Left: An improved SCRIBE strain using CRISPRi
to knock down cellular exonucleases (xonA and recJ) for enhanced genome editing efficiency via
SCRIBE in DH5aPRO (29). Right: Recombinant frequencies of beads containing the high-efficiency
SCRIBE strain induced for a total of 24 hours with or without aTc and IPTG. Data are mean s s.d.
(n > 5).
genomic DNA, 2) produces Beta recombinase to enhance recombination efficiency, and 3) leverages
CRISPR interference (CRISPRi) to repress native exonucleases in order to maximize genome-editing
efficiency. The SCRIBE circuit was designed so that IPTG and aTc controlled the expression of Beta
recombinase and the CRISPRi system, respectively; both of these inducers are required to achieve
high-efficiency in vivo gene editing of the kanR gene 2-8. We exposed beads containing SCRIBE
bacteria to IPTG and aTc over 48 hours and found that increasing numbers of bacteria acquired
kanamycin resistance over the first 12 hours 2-8. The SCRIBE strain was encapsulated in tough
hydrogel beads and incubated in LB media with carbenicillin (100 pg/mL), chloramphenicol (25
pg/mL), aTc (100 ng/ml), and IPTG (1 mM) at 37*C. A control group was incubated using
the same conditions but without the inducers (aTc and IPTG). At given time points, cells were
retrieved from the beads and plated on LB plus kanamycin (50 pg/mL) agar plates as well as LB plus
carbenicillin and chloramphenicol agar plates. The recombinant frequency was calculated by dividing
the colony count on the LB plus kanamycin plate (kan-resistant cells) by the colony count on the LB
plus carbenicillin and chloramphenicol plate (total viable cells). The high recombinant frequency
(approximately 10%) by 12 hours is comparable to results obtained using liquid cultures of non-
encapsulated bacteria [66], and the plateau in recombination frequency after 12 hours corresponded
to growth saturation A-5.
2.5.2 Chemical wires between DEPCOS beads
Finally, we showed that different E. coli strains contained within beads could communicate with
each other via quorum-sensing chemical wires [68]. An acyl homoserine lactone (AHL) sender strain
[69] and an AHL receiver strain B-1 were encapsulated in separate beads and incubated together
in 1 mL of Luria-Bertani (LB) media plus carbenicillin 2-9. Upon receiving externally added aTc,
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Figure 2-9: Communication between beads Left: AHL sender strain responds to aTc and
produces AHL as an output, which later reaches the AHL receiver strain through diffusion and
induces GFP expression. Right: Cells retrieved from receiver beads showed various levels of induction
corresponding to different AHL sender bead to AHL receiver bead ratios. The data is representative
of three independent experiments and normalized to unit distribution (area under the curve).
the sender bead produced AHL, which diffused through the hydrogel structures and induced GFP
expression in the neighboring receiver bead. The receiver beads exhibited intensified fluorescence (4-,
12-, and 21-fold-increase for 1, 2, and 3 sender beads, respectively) as more sender beads were used
2-9, and A-6. Beads containing the AHL sender strain (AYC261) and AHL receiver strain (EZ058)
B-1 were placed in 1 mL LB plus 250 ng/ml aTc in a 12-well plate at specific ratios (sender:receiver
= 0:1, 1:1, 2:1, and 3:1). After 24 hours of incubation at 37*C, we retrieved and diluted AHL
receiver cells 1:20 into phosphate-buffered solution (PBS, Research Products International) and ran
them on a BD-FACS LSRFortessa-HTS cell analyzer (BD Biosciences). We measured at least 20,000
cells for each sample and consistently gated by forward scatter and side scatter for all cells in an
experiment. GFP intensity was measured on the FITC channel (488-nm excitation laser, 530/30
detection filter). Data from flow cytometry is normalized to unit distribution (normalized to area
under the curve). These results suggest that DEPCOS is a modular and distributed strategy for
the collective execution of complex tasks based on cell-to-cell communication using multiple beads
containing distinct bacteria.
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2.6 Combining chemical and physical strategies for optimal
biocontainment
2.6.1 Introduction to Genomically Recoded Organisms (GRO)
Given the highly permeable nature of the hydrogels, we further hypothesized that chemical contain-
ment could be employed to enforce an additional layer of control over encapsulated cells. Chemical
containment has been realized through designs that rely on inducible kill switches [701, programmed
cell lysis [71], and engineered auxotrophy [72]. GROs can be contained because the growth of these
recoded organisms is dependent on the supply of synthetic amino acids (permissive environment).
Here, we aimed to combine physical and chemical strategies for biocontainment by encapsulating
two GROs auxotrophic for the synthetic amino acid p-iodo-phenylalanine (pIF) in tough hydro-
gel beads. rEc.#.dC.12'.AtY (escape rate < 10-12) and LspA.Y540 (escape rate = 1.86 (E 10-5)
have amber codons (TAG) inserted in three (Lsp, DnaX, SecY) and in one (Lsp) essential genes,
respectively, to restrict growth to permissive media (containing pIF). We showed that: 1) chemical
containment in the beads enabled us to program the loss of cellular viability after 48 hours, which
prevents undesirable growth once a given time frame has expired; and 2) physical containment adds
another layer of protection over chemically contained microbes, which is necessary for applications
that require extremely high standards of biocontainment.
2.6.2 Design of a biological timer
First, beads encapsulating the pIF-auxotroph GROs, rEc.f3.dC.12'.AtY and LspA.Y540 (approxi-
mately 10 5 cells per bead), were pre-soaked in LB in the absence (non-permissive media) or presence
(permissive media) of 1 mM pIF and 0.2% L-arabinose (L-ara), which is required for aminoacyl-
tRNA synthetases (aaRS) expression) (13). GROs (rEc.#3.dC.12'.AtY and LspA.Y54#) were grown
in LB plus 1 mM p-azido-phenylalanine (pIF), 0.02% L-arabinose (L-ara), and carbenicillin at 30 C
overnight (13), washed twice with PBS to remove pIF and L-ara, and encapsulated in hydrogel
beads. GRO beads were then incubated in LB plus carbenicillin with or without 1 mM pIF at 4rC
overnight to allow pIF infusion. At t = 0, beads were placed in 50 mL LB medium and incubated
at 30 *C for 12 h, 24 h, and 48 h. Cells were retrieved at given time points and plated on LB plus
carbenicillin with 1 mM pIF and 0.02% L-ara agar plates for CFU counting. Survival rates were
calculated by normalizing CFU counts to t = 0. We hypothesized that in non-permissive media,
the GROs would be unable to synthesize functional essential proteins and thus, they would lose
viability. Indeed, beads pre-soaked in non-permissive media failed to sustain cell growth and showed
less than 10% survival after 12 hours in LB only 2-10, cells were plated on permissive solid media).
No survival was detectable at 24h. On the other hand, pre-soaking encapsulated beads in permissive
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Figure 2-10: Biological timer in capsules Comparison of cell survival in beads between two
GRO strains with different containment efficiencies. Survival rate calculated by the number of
encapsulated GRO in tough-hydrogel beads that were pre-soaked in permissive media (LB + 1
mM pIF + 0.2% L-ara) (closed circles and solid lines) versus encapsulated GRO in tough-hydrogel
beads that were pre-soaked in nonpermissive media (LB only) (open circles and dashed lines) before
incubation of the beads in LB. Survival rates were calculated by normalizing colony forming units
(CFU) from samples inside the beads, plated on permissive solid media at each time point to CFU
at 0 h. Dilution series of the rEc.#.dC.12'.AtY at different incubation time points are shown at the
bottom. Data are mean s s.d. (n > 3).
media greatly prolonged cell survival. >50% of the rEc..dC.12'.AtY population and >25% of the
LspA.Y543 population remained viable after 24h of incubation. Nearly all cells (<1%) lost viability
after 2 days of incubation, which we believe is due to pIF and L-ara utilization by cells, as well
as passive diffusion of these molecules out of the encapsulated hydrogel. Because many chemical
induction and sensing responses in E. coli require less than 24 hours to complete, this narrow yet
adequate survival window could be used to prevent the undesirable growth of cells upon completion
of tasks.
2.6.3 Building multi-layered containment
The benefit of combining physical and chemical containment is shown in Figure 1-11 2-11, where
beads were placed in non-permissive liquid media and then samples from the liquid media were plated
on non-permissive solid media. GROs (rEc./.dC.12'.AtY and LspA.Y543) were grown in LB plus
1 mM p-azido-phenylalanine (pIF), 0.02% L-arabinose (L-ara), and carbenicillin at 30 'C overnight,
washed twice with PBS to remove pIF and L-ara, and encapsulated in alginate beads with or with-
out tough hydrogel coating. The beads were then incubated in 5 mL LB plus carbenicillin at 30*C
with 200 rpm shaking for 3 days. Media from each tube was plated on LB plus carbenicillin plates
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Figure 2-11: Combining chemical and physical strategies for optimal biocontainment.
Left: Escape of GROs into 5 mL of nonpermissive media (LB only) surrounding the coated versus
non-coated beads containing the GROs after shaking the tough-hydrogel beads at 200 rpm for 3
days. Right: The surrounding media was plated on nonpermissive solid media in order to obtain
CFU counts. (ND: not detectable with LLOD = 1 CFU/5 mL) Data are mean s s.d. (n > 5).
for CFU counts. This experiment allowed us to screen for escape mutants. For beads with tough
hydrogel coating encapsulating either GRO strain (1.2 CE 107 cells), no viable cells were observed in
the surrounding non-permissive media at the end of a 3-day shaking incubation period, indicating
complete containment. When rEc.#.dC.12'.AtY cells (undetectable mutational escape rate) were
encapsulated in beads without the tough hydrogel coating, no viable cells were observed in the non-
permissive media. On the other hand, when LspA.Y543 cells (higher mutational escape rate) were
encapsulated in beads without the tough hydrogel coating, mutational escape was observed and cells
grew in the non-permissive media. These results demonstrate that physical containment can com-
plement chemical containment strategies to achieve near-zero escape rates (chemical plus physical).
Physical containment ensures that even if an escape mutant arises from chemical containment, it
can be physically prevented from escaping into the environment.
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2.7 Heavy metal sensing in river water and recording of envi-
ronmental inputs
2.7.1 Design of heavy metal sensing strains
To demonstrate that our encapsulated bacteria can function in a real-world setting, we used an
E. coli strain to detect the presence of cadmium ions in water samples from the Charles River,
since Cd2+ is a well-known and wide-spread environmental contaminant that can adversely affect
human health. Specifically, we used PzntA, a promoter activated by the transcriptional regulator
ZntR upon binding to metal ions (Zn 2+, Pb2+, Cd2+), to express GFP [731. We characterized the
induction of PzntA by Zn2+, Pb2+, and Cd2+ in liquid cultures of E. coli harboring the plasmid
pEZ074 (PzntAni-GFP construct) (Figure 4A and Figure S7A). To test inducibility of the Zn/Pb/Cd
sensing strain (EZ074) in liquid, cells were grown overnight and diluted 200x in fresh LB plus 300
pM ZnCl2, 100 pM Pb(N03)2, and 10 pM CdCl2, respectively on a 96-well plate. After 3 hours of
incubation at 37 C, we retrieved bacterial cells and analyzed their GFP profile with flow cytometry.
For testing inducibility in beads, EZ074 was encapsulated in tough hydrogel bead and incubated
overnight in LB media with carbenicillin at 4 C. Before the experiment, beads were incubated at
37 C for 12 hours for bacterial cell outgrowth. Hydrogel beads were then placed in fresh LB medium
with carbenicillin and corresponding metal ions at given concentrations and incubated at 37*C for
3 hours. Bacterial cells were retrieved and analyzed with flow cytometry. Data from flow cytometry
is normalized to mode (normalized to peak value), which allows the visualization of differences in
relative percentages of cell populations of interest.
While encapsulated in hydrogel beads and incubated in LB media for a total of three hours, cells
produced green fluorescence intensities proportional to Cd2+ concentrations 2-12.
2.7.2 Charles river water deployment
Next, we incubated the hydrogel-bacteria beads (pre-soaked in 4x LB) in water samples extracted
from the Charles River, and exogenously added Cd2+ 2-13 and A-7. Beads containing EZ074 were
incubated in 4x LB media at 4*C overnight to reach equilibrium. At t = 0, beads were placed in
teabags and transferred to beakers containing 100 mL of fresh Charles River water with or without 5
mM CdCl2. After 6 hours of incubation at room temperature, cells were retrieved and analyzed with
flow cytometry. Data from flow cytometry is normalized to mode. The hydrogel-bacteria beads were
placed in tea bags to facilitate easy deployment and retrieval. Exposure to 5 pM CdCl2 resulted
in the emergence of a cell population expressing high levels of GFP 2-14, indicating successful
detection of cadmium ions. These results were confirmed visually under blue light: beads exposed
to 5 pM CdCl2 exhibited strong green fluorescence A-7. The ability of this system to detect 5 pM
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Figure 2-12: Three-metal sensor Flow cytometry analysis of the heavy-metal- sensing strain. Bac-
teria in liquid were exposed for 3 hours to 300 pM ZnC12, 100 pM Pb(N03)2, and 10 AM CdC12 in
LB media, respectively.
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Figure 2-13: Test Cadmium sensor in beads Response of the heavy-metal-sensing strain encap-
sulated in the tough hydrogel capsule to 0 pM, 5 pM, 50 pM, and 500 pM CdC12 after 3 hours of
incubation.
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CdCl2 is relevant to real-world use, as it is below the 8.9 pM (1 mg/L) standard defined by the
Massachusetts Department of Environmental Protection as the maximum concentration of cadmium
allowed in waste water. Thus, these results highlight the potential of our biocontained bacteria to
detect toxic levels of heavy metals in environmental settings.
Charles River water
2. 0.56 mg/L 1 mg/L
conc. 0 pM (5p (8.9 pM) Charles River waterb 5 ,+ 5 pM Cd2.
Mass DEP
TC
101 102 103 104 105
5 mm GFP fluorescence (a.u.)
Figure 2-14: Heavy metal sensing in Charles River water samples Left: photograph of the
heavy metal sensing experiment setup (top). Tea bags containing five beads each were incubated
in beakers containing Charles River water with and without 5 OM CdCl2. The Massachusetts
Department of Environmental Protection toxic limit for CdCl2 is 1 mg/L, corresponding to 8.9 pM.
Beads retrieved after 6 hours showed green fluorescence (bottom). Right: Flow cytometry analysis
of encapsulated cells responding to cadmium ions in Charles River water (n > 3 for all panels). The
three flow cytometry panels are each representative of at least four experiments with similar results.
Data are normalized to mode (peak value).
2.8 Conclusion
2.8.1 Summary
In summary, we present a hydrogel-based encapsulation system that incorporates both physical and
chemical biocontainment strategies for safe deployment of engineered organisms. While chemical
containment strategies are crucial to biosafety, physical containment remains the principal means
that currently allows handling of GMMs [51], as chemical containment strategies always have non-
zero mutation escape rates. To date, the only commercially available GMMs used as environmental
sensors are confined in sealed vials into which water samples are manually injected 174]. To enable
the environmental deployment of GMMs as biosensors and bioremediation devices, new strategies are
needed that allow for interactions with the surrounding environment while maintaining containment
of GMMs. Tough hydrogel scaffolds provide a highly hydrated environment that can sustain cell
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growth, protect cells from external stresses, and allow small molecules to diffuse between the interior
and exterior of the device. Although previous work showed the long-term physical containment of
bacteria by core-shell hydrogel microparticles, it did not demonstrate biological activity or strong
mechanical toughness [75]. To the best of our knowledge, no reports have demonstrated robust
physical containment while still permitting sensing and cell growth, thus limiting the deployment
of GMMs into the real world. We demonstrate that the tough shell conferred mechanical resistance
to the underlying soft hydrogel core where the cells were contained and which provided the cells
with nutrients to sustain bacterial growth. A complementary layer of chemical containment was
achieved by incorporating GROs that only grow in the presence of a synthetic amino acid. Adding
a synthetic amino acid within the hydrogels enabled the design of GRO capsules with a limited
lifetime. This biological timer system eliminated potential bacterial growth outside the bead even
when the hydrogel shell was purposely compromised. We showed that encapsulated cells could send
environmental stimuli, record exogenous signals into genomically encoded memory, and communicate
with each other via quorum-sensing molecules. Finally, we showed that heavy-metal-sensing bacteria
could be incorporated into our hydrogel beads and successfully detect cadmium ions in Charles River
water samples.
2.8.2 Perspectives
In conclusion, by combining two types of hydrogels into a core-shell structure, we have developed a
reliable strategy for the physical containment and protection of microbes that are genetically engi-
neered with heterologous functions. We anticipate that the DEPCOS containment platform could
enable the deployment of microbes engineered with synthetic gene circuits into real-world scenarios.
For example, encapsulated GMMs could be used to detect explosives [76] or monitor exposure time
to toxic chemicals. The hydrogel design could be adapted to meet the design specifications of desired
applications. For example, we have fabricated sheet-geometry hybrid structures [41] that could be
used on the skin to detect chemical signatures. Future work will be focused on automating the
manufacturing process to provide precise control over the device geometries in order to accommo-
date various physical environments and improve the scalability of the platform. We will also explore
the incorporation of selective diffusion barriers and extreme pH resistance capabilities into the hy-
drogels to help encapsulated microbial populations survive in harsh environments, such as during
transit through the human GI tract to detect disease-relevant biomarkers. Another future challenge
lies in devising large-scale standardized tests to determine whether encapsulated organisms can be
contained yet function robustly in harsh real-world scenarios, and not just in simulated laboratory
settings.
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Chapter 3
Wearable Design with Stretchable
Living Materials
The text in this chapter is partially taken from: Liu, X.*, Tang, T. C.*, Tham, E.*, Yuk, H.*, Lin,
S., Lu, T. K., & Zhao, X. (2017). Stretchable living materials and devices with hydrogel-elastomer
hybrids hosting programmed cells. Proceedings of the National Academy of Sciences 114(9), 2200-
2205.
3.1 Abstract
In recent years, significant progress has been made towards designing hydrogels with high mechani-
cal toughness and stretchability [77] [78] [631 and robustly bonding hydrogels to diverse engineering
materials such as glass, ceramics, metals, and elastomers [791 [801. Combining programmed cells
with robust biocompatible hydrogels has the potential to enable an avenue to create new living
materials and devices, but this promising approach has not been explored yet. Here we demonstrate
the design of a set of living materials and devices based on stretchable, robust and biocompatible
hydrogel-elastomer hybrids that host various types of genetically engineered bacterial cells. We
show that our hydrogels can sustainably provide water and nutrients to the cells, while our elas-
tomers enable air permeability to maintain long-term viability and functionality of the bacteria.
Communication between different types of genetically engineered cells and with the environment is
achieved via passive transportation of signaling molecules in hydrogels. The high stretchability and
robustness of the hydrogel-elastomer hybrids prevents leakage of cells from the living materials and
devices even under large deformations. We demonstrate multiple novel functions and applications
uniquely enabled by our living materials and devices, including stretchable living sensors responsive
to multiple chemicals, multiple genetic circuits, a living patch that senses chemicals on the skin,
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and a glove with living chemical detectors integrated at the fingertips. A quantitative model that
couples transportation of signaling molecules and responses of cells is further developed to help the
design of future living materials and devices.
3.2 Background: bacteria-laden devices
Genetically engineered cells enabled by synthetic biology have accomplished multiple programmable
functions, including sensing [81], responding [25], computing [821, and recording [831. Powered by
this emerging capability to program cells into living computers, the integration of genetically encoded
cells into freestanding materials and devices will not only provide new tools for scientific research
but also, lead to unprecedented technological applications [84]. However, the development of such
living materials and devices has been significantly hampered by the demanding requirements for
maintaining viable and functional cells in materials and devices plus biosafety concerns toward the
release of genetically modified organisms into environments. For example, gene networks embedded
in paper matrices have been used for low-cost rapid viruses detection and protein manufacturing [81].
However, their gene networks are based on freeze-dried extracts from genetically engineered cells to
operate, partially because the paper substrates cannot sustain long-term viability and functionality
of living cells or prevent their leakage. As another example, by seeding cardiomyocytes on thin
elastomer films, biohybrid devices have been developed as soft actuators [85] and biomimetic robots
[861. However, because the cells are not protected or isolated from the environment, the biohybrid
devices need to operate in media, and the cells may detach from the elastomer films. Thus, it
remains a grand challenge to integrate genetically encoded cells into practical materials and devices
that can maintain long-term viability and functionality of the cells, allow for efficient chemical
communications between cells and with external environments, and prevent cells from escaping the
materials or devices. A versatile material system and a general method to design living materials
and devices capable of diverse functions [1] remain a critical need in the field. As polymer networks
infiltrated with water, hydrogels have been widely used as scaffolds for tissue engineering 1871 and
vehicles for cell delivery [88] owing to their high water content, biocompatibility, biofunctionality,
and permeability to a wide range of chemicals and biomolecules [56]. The success of hydrogels
as cell carriers in tissue engineering and cell delivery shows their potential as an ideal matrix for
living materials and devices to incorporate genetically engineered cells. However, common hydrogels
exhibit low mechanical robustness [77] and difficulty in bonding with other materials and devices
[79], which have posed challenges in using them as matrices for living materials and devices [1].
Significant progress has been made toward designing hydrogels with high mechanical toughness
and stretchability 177] [78] [63] and robustly bonding hydrogels to engineering materials, such as
glass, ceramics, metals, and elastomers [79] [80] [89]. Combining programmed cells with robust
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Figure 3-1: Design of living device Schematic illustration of a generic structure for living materials
and devices. Layers of robust and biocompatible hydrogel and elastomer were assembled and bonded
into a hybrid structure, which can transport sustained supplies of water, nutrient, and oxygen to
genetically engineered cells at the hydrogel-elastomer interface. Communication between different
types of cells and with the environment was achieved by diffusion of small molecules in hydrogels.
biocompatible hydrogels has the potential to enable an avenue to create new living materials and
devices, but this promising approach has not been explored yet.
3.3 Design of living materials and devices
We propose that encapsulating genetically engineered cells in biocompatible, stretchable and robust
hydrogel-elastomer hybrid matrices represents a general strategy for the design of living materials
and devices with powerful properties and functions. The design of a generic structure for the living
materials and devices is illustrated in 3-1.
In brief, layers of robust and biocompatible hydrogel and elastomer are assembled and bonded into
a hybrid structure (15). Patterned cavities of different shapes, sizes and connectivity are introduced
on the hydrogel-elastomer interfaces in order to host living cells in subsequent steps. The hydrogel-
elastomer hybrid is then immersed in media for 12 h, so that the hydrogel can be infiltrated with
the media. Thereafter, genetically engineered bacteria suspended in media are infused into the
patterned cavities through the hydrogel layer, and the injection points are then sealed with drops of
fast-curable pre-gel solution (3-2).
Since the hydrogel is infiltrated with media and the elastomer is air permeable, hydrogel-elastomer
hybrids with proper dimensions can provide sustained supplies of water, nutrient and oxygen (if
needed) to the cells. By tuning the dimensions of hydrogel walls between different types of cells
and between cells and external environments, we can control the transportation times of signaling
molecules for cell communication. Furthermore, the high mechanical robustness of the hydrogel, elas-
tomer and their interface confers structural integrity to the matrix even under large deformations,
thus preventing cell escape in dynamic applications. In the current study, we chose polyacrylamide-
alginate (PAAm-alginate) interpenetrating networks and silicone elastomer polydimethylsiloxane
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Figure 3-2: Schematic illustration of cell suspension injection and sealing of injection
points. Bacteria were injected into the cavities at the hydrogel?elastomer interface with metal-
lic needles from the hydrogel side. Injection holes were sealed on the hydrogel?elastomer device
with drops of fast-curable pregel solution. We obtained the hydrogel?elastomer device with fully
encapsulate bacteria.
(PDMS, Sylgard 184, Dow Corning) or Ecoflex (Smooth-On), to constitute the robust hydrogel and
elastomer, respectively. The biocompatibility of these materials has been extensively validated in
various biomedical applications [901 [91]. The high degree of gas permeation of the silicone elas-
tomer enables oxygen supply for the bacteria [921 [93]. The covalently-crosslinked PAAm network is
highly stretchable and the reversibly-crosslinked alginate network dissipates mechanical energy un-
der deformation, leading to tough and stretchable hydrogels. Robust bonding between the hydrogel
and elastomer is achieved by covalently anchoring the PAAm network on the elastomer substrate.
The E. coli strains were engineered to produce outputs (e.g., expressing green fluorescent protein
(GFP)) under control of promoters that are inducible by cognate chemicals. For example, the
DAPGRcv/GFP strain produces GFP when the chemical inducer DAPG is added and received
by the cells. The strains used in the current study included DAPGRcv/GFP, AHLRCV/GFP,
IPTGRcv/GFP, RhamRCV/GFP, and aTcRCV/AHL (see Materials and Methods for plasmid in-
formation). The 2,4-diacetylphloroglucinol (DAPG), N-acyl homoserine lactone (AHL), isopropyl
3-D-1-thiogalactopyranoside (IPTG), rhamnose (Rham), and anhydrotetracycline (aTc) were used
as the signaling molecules in this study. To evaluate the viability of cells in living materials and
devices, we placed the hydrogel-elastomer hybrid illustrated in 3-1 containing RhamRcv/GFP bac-
teria at 37rC and relative humidity of 90% for 12 h, or immersed this living device in LB media at
37*C for 12 h.
Thereafter, we performed flow cytometry analysis of bacteria retrieved from the hydrogel-elastomer
hybrids using a live-dead stain ( 3-4).
As compared to live and dead bacterial controls, it is clearly shown that the bacteria in the
hydrogel-elastomer hybrid are mostly viable. We observed that up to 97.2% and 97.6% of cells in
the hydrogel-elastomer devices immersed in media and placed in humid environment were viable,
respectively. To test whether bacteria could escape from the living devices, we deformed the hydrogel-
elastomer hybrids illustrated in 3-3 containing RhamRCV/GFP bacteria in different modes (i.e.,
stretching and twisting), and then immersed the device in media for a 24 hour period. As shown in
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Figure 3-3: Mechanical properties of living device Schematic illustration of the high stretchabil-
ity and high robustness of the hydrogel?elastomer hybrids that prevent cell leakage from the living
device, even under large deformations. Images show that the living device can sustain uniaxial
stretching over 1.8 times and twisting over 180*C while maintaining its structural integrity.
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Figure 3-4: Viability testing Viability of bacterial cells at room temperature over 3 days. The
cells were kept in the device placed in the humid chamber without additional growth media (yellow),
in the device immersed in the growth media as a control (green), and in growth media as another
control (black; n = 3 repeats).
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Figure 3-5: Functional living device under large uniaxial stretch After GFP was switched on
in the wavy channels of Ecoflex-hydrogel hybrid matrix, the device was stretched to 1.8 times its orig-
inal length and then released. The device, including cells encapsulated, can maintain functionality
under large deformation without failure or leakage. (Scale bar: 5 mm.)
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Figure 3-6: Bacterial escape from device OD60 0 and (Insets) streak plate results of the media
surrounding the defective devices (yellow) and intact devices at different times after 1 (black) or 500
times (green) deformation of the living devices and immersion in media (n = 3 repeats).
3-3 and 3-5, the living device made of Ecoflex and tough hydrogel sustained a uniaxial stretch over
1.8 times of its original length and a twist over 180 *C while maintaining its structural integrity.
Furthermore, after immersing the device in media for 6, 12, 20, and 24 hours, we collected the
media surrounding the device and measured the cell population in the media over time via OD60 0
by UV spectroscopy ( 3-6). 200 ML of media were streaked on agar plates after 24 h to check for
cell escape and growth (3-6, inset optical images). Figure 3-6 demonstrate that bacteria did not
escape the hydrogel-elastomer hybrid despite large deformations (3-3). As controls, we intentionally
created defective devices (with weak hydrogel-elastomer bonding) and observed significant escape
and growth of cells after immersing the samples in media (3-6).
Since agar hydrogels have been widely used for cell encapsulation, we fabricated an agar-based
control device that encapsulates RhamRCV/GFP bacteria with the same dimensions as the hydrogel-
elastomer hybrid. These agar devices underwent failures even under moderate deformation (e.g., a
stretch of 1.1 or a twist of 60 *C). Moreover, cell leakage from the agar devices occurred regardless of
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Figure 3-7: Schematic of bacterial device Schematic illustration of a hydrogel?elastomer hybrid
with four isolated chambers to host bacterial strains, including DAPGRCv/GFP, AHLRcv/GFP,
IPTGRcV/GFP, and RhamRcv/GFP. Signaling molecules were diffused from the environment
through the hydrogel window into cell chambers, where they were detected by the bacteria.
the presence of any deformation, likely due to the large pore sizes of the agar gel allowing for escape
of encapsulated bacteria. These results indicate that our hydrogel-elastomer hybrids can provide a
biocompatible, stretchable and robust host for genetically engineered bacteria.
3.4 Stretchable living sensors for chemical sensing
We next demonstrated novel functions and applications enabled by the living materials and devices.
Figure 3-7 illustrates a hydrogel-elastomer hybrid with four isolated chambers that each hosted a
different bacterial strain, DAPGRcv/GFP, AHLRCV/GFP, IPTGRCv/GFP, and RhamRCV/GFP.
The genetic circuits in these bacterial strains sense their cognate inducers and express green
fluorescent protein (GFP), which can be visible under blue light illumination (488 nm). For example,
the DAPGRcv/GFP strain exhibits green fluorescence when receiving (RCVing) DAPG, but is not
responsive to other stimuli. Similarly, the AHLRCV/GFP strain expresses green fluorescent protein
(GFP) induced only by AHL; IPTG selectively induces GFP expression in the IPTGRCV/GFP
strain; and Rham selectively induces the green fluorescence output of the RhamRCV/GFP strain
(3-8).
We showed that each inducer, diffusing from the environment through the hydrogel into cell
chamber, can trigger GFP expression of its cognate strain within the hydrogel, which could be
visualized by microscopy and by the naked eye (3-9).
This makes the hydrogel-elastomer hybrid with encapsulated bacteria into a living sensor that can
simultaneously detect multiple chemicals in the environment (3-9). About two hours were required
for each strain to produce significant fluorescence (e.g., 0.5 of the maximum fluorescence).
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Figure 3-8: Bacterial sensors incorporated in wearable Genetic circuits were constructed in
bacterial strains to detect cognate inducers (i.e., DAPG, AHL, IPTG, and Rham) and produce GFP.
3.5 Interactive genetic circuits
Next, we integrate cells containing different genetic circuits into a freestanding living device to study
intercellular interactions and signaling cascades. We designed the first bacteria to communicate with
the second bacteria via the diffusion of signaling molecules through the hydrogel even though both
were confined within discrete chambers in the device (3-10) [94].
Specifically, we used an E. coli strain (aTcRcv/AHL) that produces the quorum-sensing molecule
AHL when induced by aTc, and another E. coli strain (AHLRcv/GFP) with an AHL-inducible
GFP gene [941. The two bacterial strains were infused into parallel chambers separated by an inert
elastomer spacer, allowing AHL to diffuse through the hydrogel window (3-10). We triggered this
device with aTc from the environment to induce the aTcRCV/AHL strain, which resulted in AHL
production and stimulation of AHLRCv/GFP cells to synthesize GFP. In Figure 3-10, we plot the
normalized fluorescence of bacteria in different cell chambers (i.e., aTcRcv/AHL and AHLRCV/GFP
in 3-10) as a function of time after aTc (200 ng/ml) was added outside the device. Since no GFP
gene is in aTcRcv/AHL cells, chambers containing aTcRCV/AHL cells showed no fluorescence over
time (3-11).
It took approximately 5 hours for the AHLRcv/GFP strain in the middle chamber to exhibit
significant fluorescence (e.g., 0.5 of the normalized fluorescence). Two diffusion processes (i.e., aTc
from the environment to the two side chambers, and AHL from the two side chambes to the cen-
tral chamber) and two induction processes (i.e., AHL production induced by aTc in aTcRCV/AHL
bacteria, and GFP expression induced by AHL in AHLRCv/GFP bacteria) were involved in the
current integrated genetic circuits. Therefore, the response time of the integrated circuits (3-10) was
longer than the living sensor (3-7), which only involves one diffusion and one induction process. As a
58
DAPGR hHLRCtPTG RC\K
/GFP /GFP /GFP 'G
DAPG
AHL
IPTG
Rham
DAPG
AHL
IPTG
Rham
Figure 3-9: Stretchable living sensors can independently detect multiple chemicals. Im-
ages of living devices after exposure to individual or multiple inputs. Cell chambers hosting bacteria
with the cognate sensors showed green fluorescence, whereas the noncognate bacteria in chambers
were not fluorescent. Scale bars are shown in images.
59
-A
Receiver
(AHLRC\':FP). aTc Transmitter
aTc
S
Elastomer barrier
Figure 3-10: Interactive genetic circuits. Schematic illustration of a living device that contains
two cell strains: the transmitters (aTcRCV/AHL strain) produce AHL in the presence of aTc, and
the receivers (AHLRcv/GFP strain) express GFP in the presence of AHL. The transmitters could
communicate with the receivers via diffusion of the AHL signaling molecules through the hydrogel
window, although the cells are physically isolated by elastomer.
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Figure 3-11: Images of device and microscopic images Images of device and microscopic images
of cell chambers 6 h after addition of aTc into the environment surrounding the device. The side
chambers contain transmitters, whereas the middle one contains receivers.
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Figure 3-12: Schematic illustration of a living patch. The patch adhered to the skin with the
hydrogel side, and the elastomer side was exposed to the air. Engineered bacteria inside can detect
signaling molecules.
control, when the aTCRCV/AHL strain in the integrated circuit was replaced by a strain containing
aTc-inducible GFP (aTcRcv/GFP) that cannot communicate with AHLRcv/GFP, no fluorescence
was observed in the AHLRcv/GFP chamber. Overall, the integrated devices containing interactive
genetic circuits provide a new platform for the detection of various chemicals and the investigation
of communication among physically isolated cell populations. In addition, the living device illus-
trated in 3-10 can be mechanically stretchable and robust, preventing cell escape even under large
deformations, as illustrated in 3-11.
3.6 Living wearable devices
To further demonstrate practical applications of living materials and devices, we fabricated a living
wearable device that detects chemicals on the skin, and a glove that contains thin layers of chemical
detectors integrated at the fingertips. Figures 3-12 3-13 3-14 3-15 show a wearable living patch that
can detect specific chemicals on the skin. The living patch consists of a bilayer hybrid structure of
the hydrogel (PAAm-alginate) and silicone elastomer (Sylgard 184) (3-12).
The cell chambers at the hydrogel-elastomer interface were designed as wavy channels, so that
the patch could cover a large area of the skin with a limited amount of bacterial cells. As a
demonstration, we infused RhamRcv/GFP bacteria in the upper two channels and AHLRCV/GFP
in the lower two channels to detect Rham and AHL chemicals. The living patch can be fixed on
the skin by clear Scotch tape, with the hydrogel side exposed to the skin and the elastomer side to
the air. The compliance and stickiness of the hydrogel promotes conformal attachment of the living
patch to human skin, while the silicone elastomer cover effectively prevents the dehydration of the
sensor patch (15). As shown in Fig ures 3-13 3-14 3-15, when the chemical Rham (12 mM) is smeared
on the skin of a forearm prior to adhering the living patch, the channels with RhamRCV/GFP in
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Figure 3-13: Sensing on skin Rham solution was smeared on skin, and the sensor patch was con-
formably applied on skin. The channels with RhamRCV/GFP in the living patch became fluorescent,
whereas channels with AHLRcv/GFP did not show any differences. Scale bars are shown in images.
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Figure 3-14: Schematic illustration of a glove The glove has with chemical detectors robustly
integrated at the fingertips. Different chemical-inducible cell strains, including IPTGRcv/GFP,
AHLRcv/GFP, and RhamRcv/GFP, were encapsulated in the chambers.
Elastomer Hydrogel
Bacteria Bacteria
Hydrogel Hydrogel
Skin Skin
Hydrogel-elastomer Hydrogel
hybrid sensor patch sensor patch
Figure 3-15: Living glove testing When the living glove was used to grab a wet cotton ball
containing the inducers, GFP fluorescence was shown in the cognate sensors IPTGRCV /GFP (*)
and RhamRcv/GFP (***) on the gloves. In contrast, the noncognate sensor AHLRcv/GFP (**)
did not show any fluorescence. Scale bars are shown in images.
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Figure 3-16: Antidehydration property of the sensor patch. Schematic illustration of the hy-
drogel?elastomer hybrid sensor patch, which has the antidehydration property over the pure hydrogel
device. The silicone elastomer cover effectively prevents evaporation of water from the hydrogel and
dehydration of the living patch.
the living patch became fluorescent in 2 h, while channels with AHLRcv/GFP did not show any
difference. No fluorescence was observed in either channel in the absence of any inducer on the skin,
while all channels became fluorescent in the presence of both inducers (i.e., AHL and Rham) on skin.
To verify the anti-dehydration role of the silicone elastomer, we carried out control experiments with
the hydrogel device without the elastomer layer (3-16).
The elastomer cover of the hydrogel-elastomer hybrid device significantly slowed down the de-
hydration process of the hydrogel and provided a sustained humid environment for encapsulated
cells for over 24 hours. On the other hand, distorted channels became apparent on patches made
of pure hydrogels when they were exposed to air for 6 hours due to dehydration. As another appli-
cation, we laminated thin hydrogel sheets with spiral patterns of cell chambers on the fingertips of
nitrile gloves, and encapsulated different chemically inducible cell strains in the chambers, including
IPTGRcv/GFP, AHLRCV/GFP, and RhaMRCV/GFP (3-15). The stretchable hydrogel and tough
bonding between hydrogel and nitrile rubber allow for robust integration of living monitors on flexi-
ble gloves. To demonstrate the capability of this living glove, a glove-wearer held cotton balls soaked
with different chemicals. Signaling molecules from the cotton ball diffused through the hydrogel and
induced fluorescence in the engineered bacteria. For example, gripping a wet cotton ball that con-
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tained IPTG and Rham with the glove resulted in fluorescence from two of the three bacterial sensors
on the glove, specifically those that contained IPTGRCV/GFP and RhamRcv/GFP, respectively.
The middle sensor contained AHLRCV/GFP and was unaffected, which was expected since there was
no AHL present in the cotton ball. Thus, the living skin patch and biosensing glove demonstrate the
potential of living materials and devices as low-cost, versatile and mechanically flexible platforms
for healthcare and environmental monitoring.
3.7 Conclusion
We have integrated genetically engineered cells as programmable functional components with stretch-
able, robust and biocompatible hydrogel-elastomer hybrids to create a set of stretchable living ma-
terials and devices. These living materials and devices can be programmed with desirable function-
alities by designing the genetic circuits in the cells as well as the structures and micro-patterns of
the hydrogel-elastomer hybrids. We developed a quantitative model that accounts for the coupling
between physical and biochemical processes in living materials. We further identified two critical
time scales that determine the speed of response of the living materials and devices, and provide
guidelines for the design of future systems. This work has the potential to open new technological
avenues that capitalize on advances in synthetic biology and soft materials to implement stretchable,
wearable and portable living systems with important applications in the monitoring of human health
[811 and environmental conditions [951, and the treatment and prevention of diseases [251.
65
66
Chapter 4
Light-based Patterning of an
Engineered Living Material
The text in this chapter is partly from: Tham, E.*, Moser, F*., Lu, T.K. & Voigt, C.V. Patterning
films of engineered amyloid nanofibers with light-sensing Escherichia coli. Manuscript in preparation
4.1 Abstract
Generating complex biomaterials requires coordinated and precise gene expression. Optogenetics
offers a powerful tool kit to achieve the necessary degree of precision and control. Here, we leverage
a previously built system of multichromatic optogenetic control in the bacterium Escherichia coli to
express the principal structural components of the amyloid Curli nanofibers of the E. coli biofilm.
Light-induced expression of Curli genes generates precisely patterned Curli biofilms within 3 hours
on polystyrene. Fusion of the csgA protein, the principal component of Curli fibers, to a diverse
array of peptides endowed the biofilm with functions such as antibody binding and the nucleation of
inorganic nanoparticles. The formed biofilm contains viable cells, which can be induced to respond
to environmental signals. By employing multichromatic control of distinct two biofilm-producing
populations of bacteria, we show that we can control the stoichiometry of the Curli fibers with light
signals. This work highlights the utility of optogenetics in the production of complex biomaterials.
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4.2 Background: motivation for spatiotemporal patterning of
bacterial biofilms
4.2.1 Cellular patterning with light
Living organisms are capable of fabricating hierarchical structures seamlessly from nanoscale to
macroscale. Microbes in particular exhibit the organization of nanoscale entities, proteins, into a
multicellular, superstructural organization in the form of bioflms. Efforts to engineer the proteina-
ceous building blocks of these multicellular communities have found numerous applications in recent
literature, such as catalytic [271 and conductive biofilms [231 [961. Nevertheless, it remains a signifi-
cant challenge to hijack the cellular processes responsible for the biosynthesis of these hierarchically
ordered structures into controlled patterns. Achieving a tight and precise control over the macroscale
organization of microbes into patterns could yield interesting applications. Although cells already
possess the ability to grow and self-reorganize, such processes are slow and difficult to control. To
regulate the self-organization and patterning of micron-sized bacterial cells into macroscopic de-
vices, the synthesis and assembly of extracellular matrix must be combined with genetic engineering
approaches to obtain cellular organization over length scales much larger than individual cells. In
pioneering work, Chen et al achieved patterning of E. coli on agar plates with gradients of small
molecule inducers. Nevertheless, small molecules are inconvenient as patterning tools: they will
eventually diffuse in the agar, evening out the gradients. The use of light-sensing genetic circuits
to precisely regulate the localization of cells and their protein expression levels provides modularity
and tight control over composition and pattern. Light induction is an attractive tool to bridge the
cellular scale with the device scale with spatiotemporal control over the material's structure.
4.2.2 Genetically engineered light-sensing
Light-induced patterning of E. coli was first demonstrated in 2005 [97]. Building upon this work,
Fernandez et al [24] recently reported a system for multichromatic control of gene expression in
Escherichia coli. In this system, engineered sensors for red (cph8*), green (ccaS), and blue (YF1)
were integrated with sophisticated genetic circuitry to enable activation of three distinct genes
based solely on light input. This system was used to express enzymes that generated colored dyes
as products as well as CRISPRi guide RNAs for control of native metabolic pathways. This work
generated precisely controlled patterns of bacteria on agar plates and introduced a promising tool
for further engineering of the production of patterned biomaterial.
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4.2.3 Biological material patterning
Many literature examples of protein biomaterials are assembled in vitro from chemically synthesized
peptides or purified subunits using cells as biofactories only. However, patterning proteinaceous
materials is challenging and often requires time consuming and costly nanofabrication whereas the
behavior and organization of cells can be regulated by light independently of the substrate properties.
Therefore, printing or programming cells is an effective strategy to pattern protein biomaterials.
The two biological material patterning strategies described in the following paragraph are based
on division of labour between cells providing patterning and functionalities of living systems and
extracellular materials providing structural integrity and functionality.
Bioprinting cellular patterns
Recent progress in 3D printing technologies have made 3D multicellular patterning possible with
exquisite control over spatial organization of cell communities and their scaffold 142] [98] [991. Bio-
printing uses alive cells contained in a hydrogel mixture and precisely prints them with micrometer
resolution to create 3D living composites. The "bioinks" can be composed of different cell types
and organized into complex structures. Bioprinting offers great potential to the field of living mate-
rials. Nevertheless, there is great interest in self-assembling materials that can autonomously form
multiscale protein structures without the need for external biofabrication methods.
Engineering biofilms for self-assembling patterns
In natural habitats, microorganisms assemble with non living components into multifunctional and
environmentally responsive multiscale biofilms, attached to solid surfaces. Such material forming
strategy is attractive to materials scientists as bacteria assemble structure from the nanoscale to the
macroscale.
Macroscale self-assembly of cells into biofilms: These multicellular communities have sophisti-
cated mechanisms for detecting external signals and responding via remodelling. The principal
feature of biofilms is the extensive production of an extracellular matrix with multiple components.
To achieve self-assembly of cellular communities, we need a genetically tractable cellular chassis to
secrete a self-assembling protein. One proteinaceous building block is of particular interest: the
Curli fiber, an adhesion fiber of Enterobacteria among which Escherichia coli [100]. Curli fibers are
a convenient starting point for multiscale self-assembly and patterning because of their endogenous
secretion pathway.
Nanoscale self-assembly of proteins into Curli fibers: Curli fibers belong to a class of fibers known
as amyloid. The fibers are an assembly of $-sheet forming proteins secreted out of the cellular body,
and anchored to the cell wall. The genes involved in Curli fibers synthesis are grouped in the same
genetic locus, in two operons. The first contains CsgA, CsgB and CsgC genes. CsgA is secreted into
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the extracellular medium in a soluble form. CsgB is located on the surface of the envelope induces a
conformational change in CsgA which triggers its polymerization into Curli fibers [101]. The Curli
fibers subunits can be redesigned via the underlying genetic code. Previous work by Chen et al
demonstrated that artificial gene circuits could control the expression of CsgA subunits engineered
to display various peptide tags [23].
Cao et al combined 3D printing with the programmable assembly of Curli biofilms to design
pressure sensors. Engineered E. coli were printed onto a membrane and thereafter autonomously
self-assembled using quorum sensing by secreting conductive Curli fibers into a pressure sensing
device [102]. To be able to control self-assembly of such devices on larger scales than allowed by
quorum sensing circuits would be greatly valuable. Light-sensing circuits, combined with biological
material self-assembly, are therefore of great interest.
4.2.4 Combining light-sensing with biological material patterning
The variety of recently published efforts towards light-induced supracellular organization of biofilms
is a testimony to the interest in this question. Several interesting approaches were employed to
organize and pattern bacteria on a substrate using light and an adhesive protein. Chen et al designed
reversible adhesion of bacteria with blue-light through a photoswitchable protein interaction between
bacterial surface and substrate [103]. Blue-light genetic circuit prevented the biofilm formation of
Pseudomonas aeruginosa in a recent effort geared towards pathogenic biofilm remediation [104]. Jin
et al achieved tightly controlled, high-resolution biofilm lithography, also with blue light-induced
expression of an adhesin [105]. In this work we propose a novel strategy using multichromatic
genetic control to pattern living cells and biological materials into hierarchical responsive macroscale
devices. We envision that, by patterning living biofilms onto textiles, we will provide additional
functionalities. One published example of a similar strategy is the sweat-responsive material designed
by Wang et al 117]. E.coli are patterned on the fabric, which brings the wearable to fold into its
intended shape with humidity.
Here we demonstrate a one-step strategy for multichromatic control over Curli amyloid expres-
sion. Coupled with refactoring of the Curli operon, it results in rapid patterning of bacteria and
Curli fibers into 2D films. We show that the extracellular matrix of the biofilm can be functional-
ized by designing fusion protein with the Curli fiber monomer. The composition of the biofilm can
be controlled over multiple length scales, from the protein ratio to the supracellular assembly into
macroscale patterns. These living biomaterials are patterned onto textiles to demonstrate added
functionality.
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4.3 Patterning of biofilms with light
4.3.1 Optimization of Curli expression for biofilm patterning
The native Curli system is tightly regulated by several stress-responsive transcription factors. To
induce the native operon, E. coli is typically grown in nitrogen poor media at lower temperature
(30 *C), conditions incompatible with the function of our optogenetic system. This system was finely
tuned to function in cells grown in rich media at 37*C, and its size made retuning the system to
function in different conditions impractical. Therefore, we generated a knockout of the entire Curli
system in E. coli JF1 (Acsg) and transformed the plasmids encoding our optogenetic system into this
strain. The strain JF1 Deltacsg was constructed from the strain JF1 by generating a knockout of all
Curli associated genes (csgB, csgA, csgC, csgD, csgE, csgF, csgG) on the genome using the method of
Datsenko and Wanner.1 Briefly, the region containing the csg operons (1,101,684..1,105,293 in E. coli
MG1655) was replaced with a chloramphenicol resistance marker through homologous recombination
by lambda red recombinase. This cassette was then removed by FLP recombinase and the genomic
locus was sequence verified by PCR and subsequent Sanger sequencing (Quintara).To reconstitute
the E. coli Curli system under optogenetic control, we cloned the operon that codes for structural
elements of the Curli fibers (csgB and csgA) under control of the promoter T3 on a pSC101 plasmid.
The Curli operon was constructed by amplifying the csgBAC and csgEFG operons from the genome
of E. coli MG1655 and assembling them as indicated on a pSC101 plasmid using the Gibson method.
All cultures were grown in LB broth (BD #2020-05-31) unless otherwise indicated. Antibiotics were
added at the following concentrations to maintain plasmids in all liquid cultures and plates: 50
mug/ml kanamycin (GoldBio #25389-94-0), 100 mug/ml spectinomycin (GoldBio #22189-32-8),
100 mug/ml ampicillin (GoldBio #69-52-3), 35 mug/ml chloramphenicol (AlfaAesar #25-75-7),
and 10 mug/ml trimethoprim (Biomedical Inc. #195527) 4-1.
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Figure 4-1: Schematic for the optogenetic control of Curli biofilms.
This operon also includes csgC, which plays a functional role in Curli assembly. Additionally,
we cloned genes that code for the Curli secretion apparatus (csgE, csgF, and csgG) under control
of an IPTG-inducible Ptac promoter on the same plasmid. We chose to maintain the native coding
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sequence and ribosome binding sites (RBSs) of each gene, reasoning that evolution had already
optimized the expression ratios of the individual component genes. We chose to omit the gene csgD
in our reconstruction due to its function as a regulatory element. The resulting pSC101 plasmid was
co-transformed into the strain JFlAcsg containing our optogenetic system 4-2.
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Figure 4-2: Schematic for the genetic circuit circuit 2
To generate patterns of Curli biofilm, fresh cultures were inoculated from single colonies of E. coli
JFlAcsg streaked from a glycerol stock frozen at -80*C. Inoculum cultures were grown overnight
in 3 ml of LB media at 37*C in 15 ml culture tubes (Falcon #352059) wrapped in aluminum foil
to prevent ambient light exposure. The culture was then diluted 1:1000 into 15 ml of fresh LB
media containing antibiotics. The diluted culture was then poured into a single 100 mm x 15 mm
polystyrene petri dish (Fisher #FB0875713) and placed in a stationary incubator (Boekel Scientific,
Model 133000) with a 5 cm hole in top for light projection. As a source of blue light, we used
either the PicoPro laser projector (Celluon) or the ST200 LED projector (Aaxa Technologies). As
a source of combinations of blue, red and green light, we used only the ST200 LED projector.
Cultures were incubated under light as long as needed to form a sufficiently thick layer of Curli
biofilm. Following biofilm formation, the culture media was removed and the plate was washed
three times with distilled water. For photography imaging, the plate was stained with crystal violet,
a dye that stains bacterial cell walls, by incubating with 5 ml of 2 mM crystal violet (Sigma #548-
62-9) for 15 min and was subsequently washed twice with 5 ml of distilled water 4-3. Samples
were stained with 2 mM crystal violet (Sigma-Aldrich, #V5265) by adding 1 mL of crystal violet
solution to biofilms in 6 well plates. Stain was incubated for 15 minutes at room temperature and
then washed away three times vigorously with water. Following staining, the crystal violet can be
removed with 30% acetic acid (VWR #97064-482) and the absorbance is measured at 570 nm with
a spectrophotometer. Absorbance is determined as a measure of cell adhesion to the substrate.
Induction curves were realized in cell-culture treated 6-well polystyrene plates (VWR #82050-842)
and in biological triplicates.
Scanning electron microscopy (SEM) revealed a layer of cells that formed arrays of randomly
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Figure 4-3: Schematic for the experimental workflow. Cells are resuspended in liquid Luria-
Bertani (LB) media and a pattern of light is projected onto the plate. After overnight growth,
unattached cells are washed off and the biofilm is stained with crystal violet. SEM of the surface of
the biofilm shows clusters of bacteria dispersed throughout the biofilm and the presence of fibers on
the surface and between cells.
spaced clusters 4-3. Samples were imaged with a JEOL JSM-6010L, a scanning electron microscope
operated at 10 kV accelerating voltage. Images were obtained in secondary electron imaging (SEI)
mode. Biofilms were grown on 13 mm round Thermanox coverslips (Nunc #174950). Intact biofilms
on coverslips were then washed in ethanol-water at 20%, 40%, 60%, 80% and finally 100% to ex-
change water in the biofilm with ethanol, much more miscible with liquid C02 than water. This
step is necessary to achieve the next step of critical point drying the samples. The water is replaced
with liquid C02 and the temperature raised above the critical temperature: the liquid C02 changes
to vapor without change of density and therefore without surface tension effects which distort mor-
phology for optimal imaging conditions. Samples were placed in a critical point dryer (Tousimus
Autosamdri-815) for 8 hours during which the exchange of ethanol with liquid C02, followed by
sublimation, took place. Samples were submitted to gold sputtering (what machine) for 60 seconds
before imaging.
At higher magnification, fibers are observed 4-3. Transmission electron microscopy (TEM) re-
vealed fibers emitting from cells and forming mesh-like network of fibers that extended up to several
microns away from the cells. For TEM sample preparation, samples were deposited on 200-mesh
formvar/carbon coated nickel TEM grids (EMS #FCF200-Ni). The TEM grid was washed twice by
placing the grid on top of a 20 pl drop of Phosphate-buffered solution (PBS) (VWR #EM-6505).
The grid was cleaned of PBS by dabbing it lightly on a piece of filter paper (VWR #28450-048) and
was then placed on a 5 pl drop of 2% uranyl acetate (VWR #102092-284) for 30 seconds. The grid
was then dabbed clean and placed on a piece of filter paper to dry for at least 1 hour. Transmission
Electron Microscopy was performed on a Technai Spirit Transmission Electron Microscope (FEI)
operated at 80 kV accelerating voltage.
4.3.2 Multichromatic patterning of bacterial communities
We further engineered strains that respond to only green and only red light. To do this, we replaced
the PT3 promoter with either the PCGG or PK1F promoters on the pSC101 output plasmid. Re-
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Figure 4-4: Orthogonal induction of biofilm formation The light sensors are drawn on the left
and the output promoter is shown. Cells were grown under a pattern of monochromatic light and
the resulting biofilm is shown.
placement of PT3 with PCGG generated a strain that produced biofilm in response to green light only
4-4. Replacement of PT3 with PK1F initially generated a strain that produced biofilm in response to
both red and blue light. We hypothesized that the cross-talk observed blue light and the red light
sensor was sufficient to activate blue-induced Curli production from the PK1F promoter. To resolve
this, we replaced the plasmid containing the blue light circuit with an empty vector. In this system,
red light alone could activate formation of biofilm 4-4.
To measure the rate of biofilm formation, we varied the length of time over which cells were
exposed to light. We found that 3 hours of blue light exposure was sufficient to produce the biofilm
pattern 4-5. In the native Curli system 30 hours of growth is required for biofilm formation. This
rate of formation was found to be independent of light intensity.
4.3.3 Patterning of environmentally responsive living materials
We investigated the long-term stability of the patterned biofilms. . Blue-light (445 nm, 18 mJ/m2 )
square patterns were projected with the PicoPro laser projector (Celluon) on blue-induced Curli
wild-type cultures to form 0.5 cm2 biofilms on cell-culture treated 6-well polystyrene plates (VWR
#82050-842). Immediately after biofilm formation, whole biofilms patterns were scraped from the
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Figure 4-5: Time dependence of biofilm formation A 3x4 set of patterned blue bars of different
intensity was shone on a large polystyrene plate containing blue light responsive bacteria resuspended
in liquid LB media. Each pattern of bars was shone on the plate for the amount of time indicated.
The data in each panel is representative of three experiments with similar results
Day 0 Day 1 Week 2 Month 1
Figure 4-6: Stability of biofilm Serial dilutions of a 0.5 cm2 biofilm pattern stored in Phosphate
Buffer Solution (PBS) at 4 *C for one day, two weeks and one month. Data is representative of three
experiments with similar results.
plate in triplicate, resuspended in 0.5 ml PBS and serial dilutions were made and plated on LB
(VWR #90003-350) agar (Lab express international #1001) plates with five antibiotics (50 tg/ml
kanamycin, 100 tg/ml spectinomycin, 100 mug/ml ampicillin, 35 mug/ml chloramphenicol, and 10
mug/ml trimethoprim). Remaining biofilms were stored in PBS at 4*C for one day, two weeks,
one month until the serial dilution process was repeated. We demonstrated that the biofilm pattern
remained stable over months in PBS and at 4*C. We concluded that these patterns were stable for
several weeks after their formation 4-6
We also demonstrated that the cells embedded in the Curli biofilm are viable and responsive to
external signals following biofilm formation. In a blue light-responsive strain producing wild-type
CsgA, we engineered one of the circuit plasmids to contain a lacZ gene controlled by the aTc-inducible
Ptac promoter. Following biofilm formation with this strain, we added fresh LB media containing
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Figure 4-7: Demonstration of sensing capability in the biofilms. A light induced biofilm-
forming strain was transformed with a sensing circuit shown in schematic (Ptet-LacZ), in which the
small molecule anhydrotetracycline (aTc) induces the expression of beta-galactosidase by the LacZ
gene which turns the X-gal substrate blue. A pattern of bars was shown on a Petri dish to induce
biofilm formation. After biofilm formation, the culture was replaced by fresh LB media with or
without the inducer and the biofilms were incubated for 6 hours. Photographs of the Petri dishes
on the right are auto-toned using Adobe Photoshop in the same layer.
the X-gal lacZ substrate and either aTc or no aTc. Following incubation, we observed that the
induced biofilm had turned a blue pale color 4-7
We also assessed whether the biofilm could be formed on different surfaces. To do this, we
projected patterns of blue light onto different materials submerged in a culture of light-responsive
bacteria. Biofilm formation was observed on a 3D printed plastic material, on glass, on mica and on
tissue culture plates with surfaces treated with human polylysine 4-8.
Glass Mica Polylysine
Figure 4-8: Biofilms form on different substrates
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Figure 4-9: Schematic of the Curli molecular machinery CsgA proteins form amyloid Curli
fibers following secretion.
4.3.4 Biofilm can be functionalized
Others have previously shown that esgA proteins with peptides fused to their C-terminal ends could
form Curli fibers and retain the chemical function of the peptide 4-9.
We tested whether such fusion proteins could form the biofilm layer we observed on polystyrene
as a result of light induction. We observed light-induced biofilm formation with several several
peptide fusions of csgA, including 12xHis and Spytag (4-10.
To visualize Curli biofilms made with His-tagged csgA and HA-tagged csgA, we stained these
biofilms with His- and HA-specific antibodies conjugated to FITC and PE, respectively (Miltenyi
Biotec #130-092-691, #130-092-257). Antibodies conjugated were used at a 1:1000 dilution. Biofilms
were patterned on #1.5 coverslips (Thermo #64-0718) and then blocked overnight in a Bovine
Serum Albumin (BSA) (Sigma-Aldrich #A9647) solution at 5% in Phosphate-buffered saline (PBS)
(VWR # EM-6505) at 4*C without shaking. The BSA blocking solution was then replaced by
antibodies diluted 1:1000 in blocking solution and incubated for 6 hours at 4*C without shaking.
Coverslips were washed three times in PBS and then imaged upside down with confocal microscopy
(Zeiss Laser Scanning Confocal Microscope (LSM710), sealed to a glass slide 4-12. Antibody-labeled
Curli biofilms were imaged on a Zeiss Laser Scanning Confocal Microscope (LSM710) with 20x air
objective. The PE-TxRed channel used an excitation source by a diode laser at 555 nm and collected
emission above 576 nm using an emission filter LP560nm with a secondary dichroic set at 576 nm
to remove wavelengths below (filters ref Zeiss #1031-350). The FITC channel used an excitation
source of 490 nm and collected emission at 490-555 nm (filter ref Zeiss #1031-346).
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Figure 4-10: Density of different functionalized Curli bioflims Films were formed on
polystyrene and quantified by crystal violet staining. Results are displayed as percent of wild-type
biofilm density. Data is the mean and standard deviation of three experimental replicates.
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Figure 4-11: Schematic of 3-color induction
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Figure 4-12: Immunoassay show specific labelling of tagged Curli films Blue light induced
wild-type (WT) and HA-tagged CsgA biofilms were labeled with FITC-conjugated anti-HA antibody
and imaged by fluorescent microscopy. Red light induced wild type (WT) and 12xHis-tagged CsgA
biofilms were labeled with FITC-conjugated anti-His antibody and imaged by fluorescent microscopy.
The data in is representative of three experiments with similar results. The insets show the measured
spectra of the light used to induce biofilm formation.
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Figure 4-13: Blue and red induction curves of biofilm formation Quantitative measurement
of bacteria density after induction under blue or red using crystal violet staining. Data are the mean
and standard deviation of three experimental replicates.
4.3.5 Tuning biofilm density with light intensity
We quantified the relationship between light intensity and the amount of biofilm formed. To do this,
we generated a light pattern of 12 circles that could be perfectly overlaid with a 12-well polystyrene
plate and varied the intensity of the blue and red light in each circle. Following biofilm formation and
washing, we stained the biofilm in each well with crystal violet and measured the amount retained
in the supernatant by spectroscopy. The formation of biofilm followed a linear response and closely
matched the pattern produced when a pattern of stripes, each reduced by 10% in light intensity, on
a single plate of bacteria 4-13.
4.3.6 Tuning biofilm composition with wavelengths ratio
We set out to demonstrate that two light signals could be simultaneously used to create a biofiln
with defined proportions of two different csgA fusions. To do this, we mixed a Red Only strain
producing csgA-12xHis with a Blue Only strain producing csgA-HA. Onto this mixed culture, we
projected variable amounts of blue and red light 4-14.
Following simultaneous labeling with anti-His FITC-conjugated antibody and anti-HA PE-Tx
Red-conjugated antibody, we performed fluorescence microscopy to assay the fractional makeup of
the resulting biofilm. We observed a strong correlation between the fluorescence of the labeled
biofilm and the light signals that were used to generate it 4-15. These experiments revealed the
remarkable precision of the optogenetic platform to control gene expression and the versatility of
Curli biofilm formation.
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Figure 4-14: Schematic of experimental setup for composite biofilm formation. Two light
induced Curli strains, one expressing CsgA-HA under blue light and the other expressing CsgA-
His under red light, are co-cultured, patterned and an immunoassay is performed on the resulting
biofilms.
4.3.7 Patterning of environmentally responsive living materials
Using LED-embedded fibers, we demonstrated that our light-inducible biofilm strain could be used
to respond to environmental signals on wearable fibers (4-16. Square polycarbonate fibers of 800
mum long incorporating blue LED approximately every 40 cm are connected to a generator. LEDs
are turned on by applying a voltage of 3 Volts to the denuded wires incorporated in the fiber and
clamping them using crocodile clamps. Fibers were incubated in a Petri dish ((Fisher #FB0875713)
with a culture of blue light-induced Curli wild-type expressing strain for 6 hours. The fiber was
then removed, rinsed 3 times in PBS (VWR # EM-6505) and 0.5 mm sections were cut with a razor
blade (VWR #55411-050) at the LED site and 5 cm away. Fiber sections were dried using a critical
point dryer and imaged by SEM. Following incubation of the strain on the LED fibers, we assessed
biofilm formation on the fiber. SEM revealed no biofilm formation on the parts of the fibers that
had remained dark, while extensive biofilm formation was visible near parts of the fiber lit with an
LED emitting blue wavelengths 4-16.
4.4 Conclusion
4.4.1 Summary
Here we demonstrated a one-step strategy to obtain complex multiscale sensing materials from
planktonic bacterial communities. Multichromatic control over Curli amyloid expression coupled
with refactoring of the Curli operon resulted in rapid patterning of bacteria and Curli fibers into 2D
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Figure 4-15: Immunoassay of composite biofilms Immunoassay showing fluorescence microscopy
of composite biofilms stained with an anti-His FITC conjugated antibody and anti-HA PE-Tx Red
conjugated antibody. Density of light of red and blue is varied from 0% (no light) to 100% (pro-
jector maximum, corresponding to 18 pW/cm?2), and immunostaining is compared. The confocal
microscopy images are each representative of at least four experiments with similar results. Data
for image analysis bar graphs are mean s.d. (n > 3).
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Figure 4-16: Scanning electron micrographs of a polycarbonate fiber with blue LED
incorporated. The fiber was incubated for 6 hours with a culture of blue-light induced Curli
wild-type and imaged in two locations: at the LED site and 5 cm away. SEM above the fiber
schematic show micrographs away from the LED and micrographs below show biofilm formation
around the LED. Data is representative of two experiments with similar results.
films. The extracellular matrix of the biofilm was functionalized by designing fusion protein with
the Curli fiber monomer. Characterization of the resulting bacterial films showed a tight correlation
between light intensity and biofilm density and immunostaining confirmed the identity of the Curli
fibers. Optogenetics provide a highly tunable induction mechanism that enables local control over
material composition and to that end, we demonstrated the formation of composite biofilms from
mixed wavelengths patterns. With simple multicolor patterns, biofilm composition can be controlled
on multiple length scales, from the protein level and on the cellular level. We demonstrated that
bacterial patterns could change color to detect environmental pollutants, even weeks after their
formation. We envision that this living biomaterial patterning will enable deployment of biosensing
bacteria as living coatings.
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4.4.2 Perspectives
The use of living organisms as a manufacturing platform provides several advantages, such a self-
healing properties, low cost and mild synthesis conditions, as well as the possibility of genetically
engineering a response to an environmental stimuli. However, the culture will usually require an
energy source and a liquid environment. Additionally, a protein scaffold provides access to templating
on the nano scale, self-organization and thus a potentially scalable process. Highly specific peptide-
protein interactions are unprecedented compared to synthetic equivalents. However, proteolytic
activity will be a major concern as proteases can be found everywhere. Building on this work and
other recent papers, our approach might be adapted to other genetic chassis and self-assembling
protein system. Other assembly modes of secreted proteins include genetically encoded conjugation,
an example of which is the Spytag-Spycatcher [401 covalent interaction to create modular extracellular
polymers. Protein sequences were fused to combinations of SpyTag and SpyCatcher. The secreted
proteins could then polymerize spontaneously, resulting in novel and modular extracellular polymeric
structures [1061.
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Chapter 5
Conclusion
5.1 Summary
In this thesis, we have designed advanced materials that incorporate living microorganisms that
produce, assemble and provide function to a biological or synthetic material.
In chapters 1 and 2, we touched on one approach in developing ELM technologies using top-
down assembly. Many of the composite ELM materials published are biohybrid materials/devices in
which synthetic inorganic components (polymers, carbon-based, and noncarbon based) compose a
large part of the material. Our approach attempted to expand the function of synthetic materials by
the inclusion of living cells, which brings our work into the realm of ELMs. These composite ELMs
circumvent the need for cell-mediated organization by employing top-down engineering to place and
precisely integrate the cells into the materials. Although this adds nontrivial cost and labor into the
process, it enables the development of complex functional materials that are currently unattainable
from bottom-up approaches. A significant benefit from these composite ELMs will be their inclusion
in large-scale manufacturing of ELMs.
In chapter 3, we used a bottom-up approach and leveraged living cells as nanomaterials factories.
The resulting ELM has properties of living systems that many have tried to emulate in synthetic
materials such as self-assembly and dynamic response. This approach relied on synthetic biology
and protein engineering. Synthetic biological tools and gene circuit design were integrated to control
the production of ELMs spatiotemporally. Although such designs pave the way, there is still a lack
of engineering principles that weave structural morphology and self-assembly together throughout
multiple hierarchical scales.
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5.2 Outlook
5.2.1 Scale-up and manufacturing
The work presented in this thesis focused on small-scale materials, engineered in laboratory-scale
experiments. In contrast to biomaterials created from purified biopolymers, the concept of ELMs
is that the self-growing material is assembled or fabricated close to its final form. One significant
challenge is how to reach full-on industrial-level scales of production. For this, static reactors are
relatively cheap to build and are ideal for the production of materials that are assembled in situ as
floating pellicles, such as bacterial cellulose [107].
5.2.2 Directed evolution for nanomaterials synthesis
One amazing capability of natural organisms is evolution. Unique to ELMs among other materials,
evolution can be harnessed in laboratories into a promising and unique feature: directed evolution.
Genetic engineering offers great modularity in the design of proteins. By high-throughput screening
of such a population for a desired catalytic function, the best candidates can be chosen and sequenced
to gain insight [108]. This will become an important tool for the optimization of nanomaterials.
5.2.3 Multiorganism living composite
The simplest way to build ELMs rely on engineering a single cell type to secrete and assemble the
matrix. However, engineering a single cell type to perform all the necessary functions can be com-
plicated and inefficient. Thus, an alternative strategy could be to divide metabolic tasks up between
different cell types or even species in order to simplify the production of the material as a whole
[1091.
As these questions are addressed, we will be able to leverage smart functionalities from living cells.
For example, one can envision that engineered organisms rapidly manufacture autonomously pat-
terned textile materials. These living textile materials could detect and report hazardous substances
by changing their color in response. Living structural materials, we envision, will self-repair by sens-
ing physical damages and producing glue or a filling material in response. Complex energy-harvesting
living materials may convert light into multiple different kinds of chemical fuels controlled by syn-
thetic logic gates. Inexpensive light-emitting materials may automatically change their intensity of
light in response to environmental brightness and be ubiquitous just like abundant microorganisms
but for lighting our daily life. In our opinion, synthetic biology has a central role to play in innovation
in the field of materials.
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Appendix A
Supplementary
A.0.1 Bacterial Strains and Plasmids
A complete listing of bacterial strains and plasmids including their sources can be found in Table S1
and S2. Specifically, pEZ055, pEZ058, and pEZ074 were constructed on a high copy number plasmid
(pZE12) backbone carrying a green fluorescence protein (GFP) reporter gene and transformed into
DH5aPRO cells. For the aTc-inducible plasmid (pEZ055), the original pZE12 PLlacO-1 promoter
was substituted by PLtetO-1. For the AHL-sensing plasmid (pEZ058), the Plux promoter was PCR
amplified and cloned into pZE12 by substituting PLlacO-1 promoter via Gibson Assembly. For the
heavy-metal-sensing plasmid (pEZ074), the PzntA promoter was PCR amplified from DH5aPRO E.
coli genomic DNA and cloned into pZE12 by substituting PLlacO-1 promoter via Gibson Assembly.
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Figure A-1: Alginate cores in various geometriesThe alginate core used to encapsulate cells
can be shaped into spheres with different radii through extrusion with syringes and needles on
parafilm followed by crosslinking in calcium chloride solution. Alginate thread was produced by
direct extrusion in calcium chloride solution. Disk, cube, and cylinder-like structures can be achieved
through cutting.
Removal of tough
hydrogel shell
Homogenization
with bead beater
and serial dilution
Retrieved
cells
Dilution 100 10- 10-2 10-3 10-4 10-5 10-6
Figure A-2: Retrieving encapsulated cells Retrieval of live cells from the beads immediately
following the cross-linking step. Retrieval was performed through removal of the tough shell followed
by homogenization and showed recovery levels around 20% (number of retrieved cells/number of
encapsulated cells).
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Figure A-3: Compression test setup with Zwick mechanical tester A fully-hydrated hydrogel
bead (r = 2.5 mm) was placed between sterile surfaces and submitted to compressions.
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Figure A-4: Long-term physical containment Optical density at 600 nm (OD600) measurement
demonstrating that the media surrounding coated beads showed no bacterial growth after 72 hours.
Data are mean t s.d. (n = 18).
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Figure A-5: Growth curve
incubated in LB medium and
are mean s.d. (n = 3).
of bacteria in hydrogel beads Cells encapsulated in beads were
retrieved at given time points to measure growth over 24 hours. Data
91
-J 109-E
- 108 -
*l 107-
M
c 1 Q5 -
10' -
105 -
102 -
c
0 10 -
0 1-
0 3 6
Sender:Receiver = 0:1
1:1
2:1
3:1
Sender:Receiver = 0:1
2:1
3:1
Sender:Receiver = 0:1
1:1
2:1
3:1
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
GFP fluorescence (a.u.)
B (D 102
101
100
1 2 3
Sender:Receiver ratio
Figure A-6: Induction of AHL receiver beads by AHL sender beads (A) Flow cytometry data
of cells retrieved from receiver beads showed various levels of induction corresponding to different
AHL sender bead to AHL receiver bead ratios (normalized to unit distribution, three biological
replicates). (B) Fluorescence fold change of the receiver beads. Data are mean t s.d. (n = 3).
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Figure A-7: Heavy metal sensing in Charles River water samples (A) Mean GFP fluorescence
of the heavy-metal-sensing strain. Bacteria in liquid were exposed for 3 hours to 300 jIM ZnCl2,
100 pIM Pb(N03)2, and 10 pM CdCl2 in LB media, respectively. (B) Mean GFP fluorescence of the
heavy-metal-sensing strain encapsulated in the tough hydrogel capsule to 0 pIM, 5 PM, 50 /IM, and
500 pM CdC12 after 3 hours of incubation. (C) GFP fluorescence fold-change of encapsulated cells
responding to cadmium ions in Charles River water (n > 3 for all panels, *p < 0.05 in Student's
t-test).
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Figure A-8: The setup of induction and insult experiments Each bead containing engineered
bacterial cells was incubated in LB + antibiotics in a 24-well plate. After showing no signs of
bacterial leakage/escape after overnight incubation, beads were transferred to a new plate and fresh
media/chemicals were added to the wells to start experiments.
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Name Strain Construction method Genotype
code
:Qc sensing EZ055 DHI5aPRO cells transformed DH5ItPRO
strain with the pEZ055 plasmid
F' plasnid CJ236 Acquired from NEB K12
donor strain
F' plasmid rcF453 Spontaneous resistant MG1655
recipient mutants generated from
strain plating and re-streaking
MG1655 on LItMplate
ZnW/Cd EZ074 DH5aPRO cells transformed DH5aPRO
sensing strain with the pEZ074 plasmid
SCRIBE F144 (22) DH5uPRO
km~xxgg1K;kanRwa7-s
reporter Am9T.4 G
strain
AHL sender AYC261 (42) DHl5aPRO
strain
AHL EZ058 DH5aPRO cells transformed DH5aPRO
receiver with the EZ058 plasmid
stramin
GRO, p.F Ag)fdC,1 (13) MiG 1655
auxotroph 2'4tY
strain
GRO, VT LspA.Y54 (13) MG1655
auxotroph p
strain
Figure B-1: List of bacterial strains used in Chapter 2
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Name Plasmid Construction method
code
PLCtI&O igft pEZ055 See Materials and Methods
pEZ074 See Materials and Methods
PaSCRJBE(kanR)on F944 (22)
g Fl 156 (29)
1RNA & M4 gRNA)
AYC261 (42)
Figure B-2: List of plasmids used in Chapter 2
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